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Solution-processed hybrid organic-inorganic perovskites (HOIPs) have garnered 
significant interest for tandem photovoltaics (PVs)-solar cell architectures that employ two 
absorber layers to overcome the PV thermodynamic efficiency limit. Perovskites have been 
coupled in tandem with silicon, CIGS, and other perovskites to boost PV efficiency. 
However, they have not been employed in tandem with popular PV material CdTe. 
Additionally, HOIPs suffer from rapid humidity-induced degradation, which limits their 
commercial application in general. Here, compositional engineering of the B-site is used 
to tune humidity stability of model HOIP semiconductors, and HOIP materials for tandem 
CdTe-HOIP PV are developed. 
Substituting Pb2+ 5% with Bi3+ in model HOIP CH3NH3PbI3 (MAPI) is seen to 
stabilize MAPI at 90% humidity, but destabilize MAPI at 60% humidity, making bismuth 
the first HOIP additive observed to have a stabilizing and destabilizing effect at different 
humidity conditions. From mechanistic insight and kinetic modeling, this stabilizing and 
 xiv 
destabilizing effect is shown to be due to Bi3+ impacting the kinetics of different steps of 
the degradation reaction mechanism distinctly. The related humidity-induced 
degradation/deliquescence of transition metal halide thin films is then made use of in thin 
films of NiI2. Water vapor uptake is seen to rapidly modulate light transmittance uniformly 
across the visible spectra, making NiI2 films candidates for color-neutral smart windows. 
HOIP-CdTe tandem cells are then studied. Traditional iodide-based HOIPs have 
band gaps that are too similar to CdTe for efficient tandem PV; therefore, CdTe is coupled 
with wide band gap CH3NH3PbBr3 (MAPBr). MAPBr films exhibit a significant amount 
of haze due to optical loss in the MAPBr layer, which correlates with poor tandem PV 
performance. The Semiconductor Capacitance Simulator (SCAPS) software package is 
then utilized to determine the degree of haze that can be tolerated in a MAPBr-CdTe 
tandem before MAPBr begins to worsen CdTe PV efficiency. Inclusion of Ag+ is seen to 
produce MAPBr films with uniform crystallographic orientation due to surface segregation 
of Ag and respective lowering of the surface energy of (100) MAPBr facets. Finally, initial 
steps towards Tl-based low band gap HOIP nanostructures for CdTe-HOIP tandem PV 
with ideally matched band gaps are undertaken. 
 xv 
Table of Contents 
List of Tables .....................................................................................................................xx 
List of Figures .................................................................................................................. xxi 
Chapter 1: Introduction ........................................................................................................1 
1.1 The Need for and Opportunity of a Cleantech Revolution ...................................1 
1.2 Solar PV in the New Green Economy ..................................................................3 
1.3 Basic Solar Cell Physics .......................................................................................4 
1.4 The Shockley-Queisser Limit and How to Beat It ................................................7 
1.5 Hybrid Organic-Inorganic Perovskites .................................................................9 
1.5.1 Early discovery ....................................................................................10 
1.5.2 The Invention of the Perovskite Solar Cell ..........................................11 
1.5.3 Current State of Research ....................................................................11 
1.5.4 Companies and the Commercial Future ...............................................13 
1.6 Humidity Instability in Perovskites ....................................................................13 
1.7 Perovskite tandem Cells......................................................................................14 
1.7.1 HOIP-Silicon Tandem Cells ................................................................14 
1.7.2 HOIP-CIGS Tandem Cells ..................................................................15 
1.7.3 HOIP-HOIP Tandem Cells ..................................................................16 
1.7.4 What’s next for Tandem HOIP PV? ....................................................16 
1.8 Dissertation Overview ........................................................................................17 
1.9 References ...........................................................................................................17 
 xvi 
HUMIDITY-INDUCED TRANSITIONS IN HOIPS AND RELATED METAL HALIDES ............26 
Chapter 2:  The Stabilizing and Destabilizing Nature of Bi on CH3NH3PbI3 (MAPI) 
Perovskite in Humidity ................................................................................................26 
2.1 Introduction .........................................................................................................26 
2.2 Experimental Details...........................................................................................28 
2.2.1 Materials ..............................................................................................28 
2.2.2 Preparation of MAPI and MAP(Bi)I Films .........................................28 
2.2.3 Exposure of MAPI and MAP(Bi)I Perovskite Films to Humidity ......29 
2.2.4 Materials Characterization ...................................................................30 
2.3 Results and Discussion .......................................................................................31 
2.3.1 Film Characterization...........................................................................31 
2.3.2 Humidity Stability Behavior ................................................................34 
2.3.3 Probing Degradation Mechanism ........................................................39 
2.4 Conclusion ..........................................................................................................43 
2.5 References ...........................................................................................................43 
Chapter 3: Deliquescent Chromism in Nickel (II) Iodide Thin Films ...............................51 
3.1 Introduction .........................................................................................................51 
3.2 Experimental Details...........................................................................................52 
3.2.1 Materials ..............................................................................................52 
3.2.2 Preparation of Silane Coated Glass Substrates ....................................52 
3.2.3 Preparation of Nickel (II) Iodide Thin Films .......................................52 
3.2.4 Optical Switching.................................................................................53 
3.2.5 Materials Characterization ...................................................................53 
3.3 Results and Discussion .......................................................................................55 
 xvii 
3.3.1 Optical Modulation of Nickel Iodide Films .........................................55 
3.3.2 Characterization of Clear and Dark States ...........................................59 
3.3.3 Effect of Heating Rate and Film Thickness .........................................64 
3.3.4 Cycling Stability ..................................................................................66 
3.4 Conclusion ..........................................................................................................68 
3.5 References ...........................................................................................................68 
PEROVSKITE-CDTE TANDEM PHOTOVOLTAICS ..............................................................73 
Chapter 4: Development of Wide Band Gap APbBr3 Perovskites for Next-Generation 
Tandem Solar Cells ......................................................................................................73 
4.1 Introduction .........................................................................................................73 
4.2 Experimental Details...........................................................................................76 
4.2.1 Materials ..............................................................................................76 
4.2.2 Fabrication and Processing ..................................................................76 
4.2.2.1 TiO2 Substrate Preparation ......................................................76 
4.2.2.2 CH3NH3PbBr3 (MAPBr) Deposition .......................................77 
4.2.2.3 Solar Cell Fabrication ..............................................................77 
4.2.3 Materials Characterization ...................................................................78 
4.2.4 SCAPS Simulations .............................................................................79 
4.3 Results and Discussion .......................................................................................82 
4.3.1 Materials Property Considerations for a HOIP-CdTe Tandem Cell ....82 
4.3.2 Architecture Design Considerations of a HOIP-CdTe Tandem Cell ...85 
4.3.3 A Wide Bandgap HOIP PV: Device Characteristics and Optical 
Properties ................................................................................................86 
4.3.4 SCAPS Modeling of 4T MAPBr-CdTe Tandem Devices ...................91 
 xviii 
4.4 Conclusion ..........................................................................................................95 
4.5 References ...........................................................................................................96 
Chapter 5: Addition of Silver Cations to CH3NH3PbBr3 Produces 
Crystallographically Ordered Perovskite Thin Films ................................................110 
5.1 Introduction .......................................................................................................110 
5.2 Experimental Details.........................................................................................111 
5.2.1 Materials ............................................................................................111 
5.2.2 Deposition of CH3NH3PbBr3 (MAPBr) Thin Films ..........................112 
5.2.3 PV Device Fabrication and Testing ...................................................112 
5.2.4 Materials Characterization .................................................................114 
5.3 Results and Discussion .....................................................................................116 
5.3.1 Preferred Orientation of MAPBr Upon Ag+ Addition .......................116 
5.3.2 Elemental Analysis and Origins of Induced (001) Ordering .............118 
5.3.3 Impacts on Optoelectronic Performance ............................................121 
5.3.4 Discussion ..........................................................................................126 
5.4 Conclusion ........................................................................................................129 
5.5 References .........................................................................................................129 
Chapter 6: TlBr and Tl2AgBr3 Nanocrystals ...................................................................140 
6.1 Introduction .......................................................................................................140 
6.2 Experimental Details.........................................................................................142 
6.2.1 Materials ............................................................................................142 
6.2.2 Fabrication and Processing ................................................................142 
6.2.2.1 TlBr Nanocrystal Synthesis ...................................................143 
6.2.2.2 Tl2AgBr3 Nanocrystal Synthesis ............................................144 
 xix 
6.2.3 Materials Characterization .................................................................145 
6.3 Results and Discussion .....................................................................................147 
6.3.1 Synthesis of TlBr Nanocrystals .........................................................147 
6.3.2 Synthesis of Tl2AgBr3 Nanocrystals ..................................................151 
6.3.3 Optical characterization .....................................................................156 
6.3.4 Self-assembly .....................................................................................158 
6.4 Conclusion ........................................................................................................159 
6.5 References .........................................................................................................160 
Chapter 7: Conclusions and Future Direction ..................................................................164 
7.1 Conclusions .......................................................................................................164 
7.1.1 Humidity Interactions with Water Vapor-Book 1 .............................164 
7.1.2 CdTe-HOIP Tandem Cells-Book 2 ....................................................165 
7.2 Future Directions ..............................................................................................166 
7.2.1 Development of accelerated aging protocols .....................................166 
7.2.2 Low band gap HOIPs .........................................................................167 
7.2.3 CdTe Tandem Cell Realization ..........................................................168 
7.2.4 Multiexciton Generation in HOIP PVs ..............................................169 




List of Tables 
Table 4.1  Parameters input into the SCAPS simulations for the CdTe PV device 
layer...............................................................................................................80 
Table 4.2  Material parameters used for the SCAPS simulation of the CIGS JV 
curve. The work functions of the back and front contacts were 5.4 eV 
and 4.45 eV, respectively. .............................................................................81 
Table 4.3 Material parameters used for the SCAPS simulation of the CH3NH3PbI3 
J-V curve. The work functions of both contacts were set using the flat 
band approximation in the SCAPS software. The traps in MAPI were 
modeled by using two individual traps, one acceptor at 1*1015 cm-2 
density and another donor at 1*1015 cm-2 density. ........................................81 
Table 4.4 Material parameters used for the SCAPS simulation of the amorphous 
silicon J-V curve. The work functions of both contacts were set using the 
flat band approximation in the SCAPS software. The device was 
illuminated from the p-type front contact. ....................................................82 
Table 5.1. Elemental composition of MAPBr films determined by EDS† and XPS. ..119 
Table 5.2. Fitting parameters for biexponential fits of the PL decay at 540 nm. .........126 
Table 6.1  Elemental analyses of TlBr and Tl2AgBr3 nanocrystals from XPS and 
EDS .............................................................................................................151 
 xxi 
List of Figures 
Figure 1.1 (A-C) P-and n-type silicon layers (A) in isolation, (B) in equilibrium 
contact with each other, and (C) absorbing light without applied bias. 
(D) A generic p-i-n perovskite band diagram with an organic hole 
transporter. ......................................................................................................6 
Figure 1.2 Example J-V curve used for analyzing PV performance. ...............................7 
Figure 1.3 Comparison of 2-terminal and 4-terminal tandem PVs ..................................9 
 xxii 
Figure 2.1: (A) UV–vis-NIR absorptance spectra of CH3NH3Pb0.96Bi0.04I3 and 
CH3NH3PbI3 films. Inset: photographs of MAPI (left) and MAP(Bi)I 
(right) films on APTES-coated glass. (B) XRD of CH3NH3Pb0.96Bi0.04I3 
(MAP(Bi)I) and CH3NH3PbI3 (MAPI) films alongside reference patterns 
taken from the Crystallography Open Database (COD) for tetragonal and 
cubic phase MAPI films (COD #4124388 and #4335634, respectively), 
showing that both films are single-phase tetragonal MAPI films with no 
noticeable peak shifts or secondary phases upon bismuth incorporation. 
(C) XPS spectrum in the Bi 4f region for CH3NH3Pb0.96Bi0.04I3, with 
peak positions of the fitted Gaussian–Lorentzian function labeled. Data 
are represented by the hollow points and fitted Gaussian–Lorentzian 
cures by lines. These peaks are characteristic of Bi in the 3+ oxidation 
state, and peak integration/comparison with the Pb 4f region gives a 
Bi/Pb molar ratio of 0.04:1. (D) Tetragonal crystal structure of 
methylammonium lead iodide and projections of MAPI viewed down 
the (E) ⟨001⟩ and (F) ⟨100⟩ directions. Methylammonium atoms are 
shown by large green circles, iodide ions are moderately sized purple 
circles, and lead ions are small orange circles. .............................................33 
 xxiii 
Figure 2.2:  (A–C) Photographs of MAPI and MAP(Bi)I films (A) before and (B,C) 
after exposure to 90% RH air under indoor lighting (2 mW/cm2) for (B) 
24 h and (C) 72 h. (d, e) UV–vis-NIR absorptance spectra of (d) MAPI 
and (e) MAP(Bi)I thin films after exposure to air at 90% RH under 
controlled indoor lighting. (f) Extent of transformation of the (□, ○) 
MAPI and (■, ●) MAP(Bi)I films as a function of exposure time to 
90% RH. The solid lines are the best fits of Eqn (2.4) to the MAPI 
(black line) and MAP(Bi)I (red line) data, with n = 3.9, k = 1.87 × 10–
5 h–3.9 (r2 = 0.88) and n = 4.0, k = 2.17 × 10–7 h–4.0 (r2 = 0.85), 
respectively. ..................................................................................................35 
Figure 2.3: (A–C) Photographs of MAPI and MAP(Bi)I films (A) before and (B,C) 
after exposure to air at 60% RH under indoor lighting (2 mW/cm2) for 
(B) 8 days, and (C) 14 days. The top row of films in photographs 
corresponds to MAPI films, whereas the bottom row corresponds to 
MAP(Bi)I. (D, E) UV–vis-NIR absorptance profiles of (D) MAPI and 
(E) MAP(Bi)I thin films after different aging times at 60% RH in indoor 
lighting. (F) Plot of the extent of transformation of the (□, ○) MAPI 
and (■, ●) MAP(Bi)I films. The solid lines are the best fits of eq 4 to 
the MAPI (black line) and MAP(Bi)I (red line) data, with n = 2.3, k = 
3.94 × 10–3 day–2.3 (r2 = 0.81) and n = 2.1, k = 2.15 × 10–2 day–2.1 (r2 = 
0.91), respectively. ........................................................................................36 
 xxiv 
Figure 2.4 SEM images of (A,C) MAPI and (B,D) MAP(Bi)I films.  The images in 
(A,B) are top-down views of the films on glass.  The images in (C,D) are 
cross sections of the films on silicon. The average film thicknesses in 
(C) and (D) are 276 +/- 29 nm and 274 +/- 29 nm, respectively. No 
noticeable change in surface morphology is noted between MAPI and 
MAP(Bi)I ......................................................................................................38 
Figure 2.5.  UV–vis-NIR absorptance spectroscopy of (A) MAPI and (B) MAP(Bi)I 
films after exposure to 60% RH for 14 and 12 days, respectively, and 
90% RH for 36 h and 3 days, respectively. (C) XRD of the degradation 
products of MAPI and MAP(Bi)I films exposed to 90% RH. Reference 
patterns for tetragonal MAPI (COD #4124388), PbI2 (COD #1010062), 
and MAPI monohydrate (COD #7117405) are provided for comparison. ...40 
Figure 2.6.  UV–vis-NIR absorptance spectra of (A) MAPI and (B) MAP(Bi)I films 
on glass after 1 cycle of degradation at 90% RH, followed by 
dehydration with heating at 100 °C in 50% RH air for 2 min. (C) Ratios 
of the absorptance of MAPI and MAP(Bi)I films before and after 
exposure to humidity and dehydration θ(λ), calculated using Eqn. 2.5. 
(D) XRD of MAPI and MAP(Bi)I films after degrading the MAPI and 
MAP(Bi)I films to the clear state with exposure to 90% RH air and then 
dehydration by heating at 100 °C in 50% RH air for 2 min. Peaks 
matching tetragonal phase of MAPI (COD #4124388) are designated 
with vertical gray lines, whereas dashed yellow lines designate 
degradation byproduct PbI2 (COD #1010062). ............................................42 
 xxv 
Figure 3.1: Thin film of NiI2 (thickness 625 ± 125 nm) on glass cycled between its 
(A,C) dark and (B) clear states. The film is shown (A) immediately after 
spin coating and annealing, (B) after 5 min of exposure to air (∼50% 
RH, 20 °C), and (C) after it had been heated at 100 °C for 10 s. (See the 
Supplementary Files for accompanying videos.) ..........................................56 
Figure 3.2: (A) UV-vis-NIR transmittance spectra and (B) XRD of an NiI2 film on 
glass in its optically clear and dark states. The diffraction peaks in the 
dark film correspond to rhombohedral NiI2 (PDF #00-020-0785) and 
trace hexagonal NiI2·6H2O (marked by *, PDF #00-016-0565). (C) SEM 
image of a cross sectioned NiI2 film on glass in the dark state without 
exposure to air. The film is 625 ± 125 nm thick. ..........................................58 
Figure 3.3:  FTIR spectra for a thin film of NiI2 in (A) the dark state, (B) the clear 
state, and (C) 30 s after removal from an inert atmosphere (i.e., an 
intermediate state). The FTIR on the clear state shows water is present in 
the clear film, with a characteristic stretching mode ν1 peak at 3420 cm
–1 
and a characteristic bending mode peak ν2 at 1615 cm
–1. FTIR on the 
intermediate state shows two condensed O–H ν1 stretching modes. 
Transmissions greater than one in FTIR spectra are due to reduced 
reflection of the silicon substrate once the thin film is deposited. (D) 
TGA of a clear hydrated NiI2 thin film. Note that some weight loss has 
occurred during sample loading into the TGA and purging with dry 
nitrogen prior to beginning the measurement. The initial mass measured 
in ambient conditions with a benchtop balance is shown here as a solid 
black square at time 0. From this, we calculate a H2O/NiI2 molar ratio of 
9.7 ± 0.6. .......................................................................................................60 
 xxvi 
Figure 3.4: Optical microscope images of a nickel iodide film on glass as it is (A–E) 
cooled, as indicated by blue arrows and subsequently (F–J) heated, 
indicated by red arrows. Optical microscopy shows the coexistence of 
(D–G) a clear liquid and (C,D,G,H) clear solid phase during the clear-to-
dark transition to (A,B,I,J) the dark solid phase, and that these transitions 
happen in a nucleation-and-growth mechanism. ..........................................61 
Figure 3.5:  In situ UV-vis-NIR transmittance spectra of clear state films heated to 
different temperatures via a 10 °C/min ramp and 10 min hold in ambient 
air (50% RH). Spectra show a broad clear-to-dark transition centered 
around ∼40 °C. (B) Temperature-dependent spectra of the dark-to-clear 
transition cooled using the same procedure as (A), showing a sharper 
transition centered around ∼30 °C. In plots (A) and (B), different 
colored lines correspond to different temperatures: 20 °C is represented 
by a black line, 25 °C by purple, 30 °C by blue, 40 °C by green, 50 °C 
by yellow, 55 °C by orange, and 60 °C by red. (C) Transmittance of the 
film at 600 nm plotted versus temperature. This transition exhibits a 
temperature hysteresis of ∼10 °C at 50% RH. .............................................63 
Figure 3.6.  (A–C) Optical transmittance at 600 nm for NiI2 films (625 ± 125 nm 
thick) heated (red) and then cooled (blue) in 50% RH air at various 
heating and cooling rates: (A) 10 °C/min, (B) 1 °C/min, and (C) 0.25 
°C/min. At high ramp rates as in (A), the transition hysteresis widens. 
(D–F) Optical transmittance at 600 nm as a function of temperature for 
(D) 930 ± 80 nm, (E) 15 ± 5 μm, and (F) 140 ± 40 μm thick films. 
Cross-sectional images of films are shown in Figure 3.7. Above 1 μm in 
film thickness, the optical transition disappears. ..........................................64 
 xxvii 
Figure 3.7.  SEM images of cross-sectioned NiI2 films with thicknesses of (a) 930 + 
80 nm, (b) 15 + 5 μm, and (c) 140 + 40 μm. The reported thicknesses 
were determined by averaging 100 discrete points along the film for 
each sample. ..................................................................................................65 
Figure 3.8.  UV-vis-NIR transmittance spectra of a 550 nm thick film of NiI2 
undergoing thermal cycling from 20 to 80 °C in air at RH 50% over (A) 
cycles 1–5 and (B) cycles 6–10. Absorbance spectra are shown for both 
the clear state at 20 °C and the dark state at 80 °C. The green dashed line 
is the initial absorbance of the film. (C) Transmittance at 600 nm of the 
film in the dark and clear states. (D) Change in transmittance between 
light and dark states at 600 nm normalized to the first cycle........................67 
Figure 4.1: (A) Summary of the band gap energies of known perovskite materials 
compared to the band gap range of CdSeTe used in CdTe PV devices 
(1.42–1.5 eV). The band gap energies are taken from references45,67,95,99-
106 in Chapter 4. Most HOIPs with bandgap energies between 1.8 and 
2.2 eV undergo light-induced phase segregation that limits device 
performance.104,107,108 (B) Proposed 4T architecture of a HOIP-CdTe 
tandem PV. The high thermal processing temperature of the CdTe layer, 
the poor device performance of superstrate CdTe devices with reverse 
illumination, and the low efficiency of CdTe PVs with a substrate 
configuration limits the potential for monolithic two-terminal (2T) 
HOIP-CdTe tandem designs. ........................................................................84 
 xxviii 
Figure 4.2:  (A) Current-voltage (J-V) curves for a semi-transparent MAPbBr3 
device. (B) Direct transmittance curves taken after each layer in the 
MAPBr device was deposited. Each label in the legend corresponds to 
the last layer of the device that was deposited, using an architecture 
similar to Fig. 4.1b, but with ITO instead of gold as a top contact (C) 
Full light accounting of all incident light on a MAPBr-coated TiO2 
substrate. We observe a large portion of optical loss in MAPBr films is 
due to diffuse reflectance and transmission (i.e. optical haze). The inset 
in (C) shows a photograph of the MAPBr-coated TiO2 substrate. ................88 
Figure 4.3: DIC microscopy images of a MAPBr thin film with source and analyzer 
polarizers in a (A) parallel and (B) crossed/perpendicular orientation. 
(C) A top down SEM image of a MAPBr thin film. Film “wrinkling” is 
observed consistent with reports on lower band gap HOIPs. .......................90 
Figure 4.4  Simulation of wide band gap semiconductor-CdTe tandem PVs, given a 
CdTe PCE of (A) 15.5% and (B) 22.05%. In both cases, we plot the 
“break even” top cell PCE, defined here as the PCE of the top cell that is 
needed for the tandem device to eclipse the PCE of the CdTe cell 
without the top cell acting as an optical filter. The insets show the 
simulated JV curves of the unfiltered CdTe device. (C) Break even PCE 
of a CdTe tandem cell as a function of the sub-band gap transmission of 
the top cell, given a 2.3 eV band gap top cell and 15.5% PCE CdTe 
device. With higher top cell optical losses, a higher top cell PCE is 
needed. ..........................................................................................................92 
 xxix 
Figure 4.5  Break even PCE of perovskite top cell tandems as a function of sub-
band gap optical transmission with a 2.3 eV CH3NH3PbBr3 top cell: (A) 
a 1.1 eV band gap CIGS cell with 17.4% PCE, (B) a 1.55 eV band gap 
CH3NH3PbI3 PV with 21.5% PCE, and (C) a 1.82 eV band gap 
amorphous silicon PV with 12.3% PCE. ......................................................94 
Figure 5.1: (A-F) GIWAXS of MAPBr films on silicon substrates with varying 
amounts of Ag+.  The Ag concentration corresponds to the molar 
percentage of Ag+ added to the precursor solution with respect to Pb2+.   
The indexing in (F) corresponds to cubic MAPBr (PDF #01-084-9476) 
with a [100] beam direction.  Additional diffraction spots are observed 
in (F), which are enclosed in rectangles.  (G-L) The diffraction intensity 
of the (001) ring (10.3 nm-1 < q < 11.6 nm-1 or 14.3o < 2θ < 16.4o) from 
the GIWAXS patterns in (A-F) plotted as a function of azimuthal angle. 
The (001) peaks at 45o and 135o in (G) indicate that MAPBr without 
added Ag+ exhibits some preferential (011) orientation.  Silver addition 
leads to significant sharpening of the (001) signal at 90o, indicating that 
the film is oriented with (001) planes parallel to the substrate ...................117 
Figure 5.2.  GIWAXS of MAPBr films deposited with 10 mol% Ag+ in the precursor 
solution on (A) glass, (B) ITO-coated glass, and (C) FTO glass coated 
with a compact and mesoporous TiO2 layer. The films exhibit a (001) 
crystal orientation.  The diffraction spots outlined with rectangles 
correspond to an impurity phase. ................................................................118 
 xxx 
Figure 5.3. (A) Schematic of the TOF-SIMS measurement. (B) TOF-SIMS profiles 
of Ag secondary ion yield.  (C-F) TOF-SIMS depth profiles of Ag, 
CH3NH3PbBr, and InSnO secondary ion fragments in MAPBr films 
deposited with (C) 0%, (D) 1%, (E) 2%, and (F) 10% Ag+ in the 
precursor solution........................................................................................120 
Figure 5.4.  (A-F) Top-down SEM images of MAPBr films on silicon deposited with 
(A) 0%, (B) 0.5%, (C) 1%, (D) 2%, (E) 5%, and (F) 10% Ag+ added to 
the precursor solution.  The crystal grain size increases with increasing 
Ag+ and pinholes are observed when the Ag+ concentration reaches 10% 
Ag+.  (G-I) EDS maps of (G) Pb, (H) Br, and (I) Ag corresponding to the 
region imaged by SEM in (J) for a MAPBr film with 10% Ag+.  (K-N) 
TOF-SIMS mapping of a 2% Ag MAPBr thin film on ITO showing the 
(K) lead, (L) methylamine, (M) silver, and (N) an overlay of the Ag and 
CH5N
+ signals.  The wave-like features in are due to thickness variations 
in the film. ...................................................................................................122 
Figure 5.5.  (A) PV device architecture and materials stack.  (B-F) Histograms of (B) 
reverse scan PCE, (C) stabilized power output (SPO), (D) short circuit 
current (JSC) of the reverse scan, (E) open circuit voltage (VOC) of the 
reverse scan, and (F) fill factor of the reverse scan of MAPBr PVs with 
different amounts of AgBr added to the precursor solution. ......................123 
 xxxi 
Figure 5.6.  (A) Steady-state photoluminescence spectra and (B) Time resolved 
photoluminescence decay at 540 nm for Ag+ doped MAPBr thin films. 
Above 5% Ag+ incorporation, a subtle blueshift is observed, and the red 
shoulder of the MAPBr PL spectra reduces in intensity. No significant 
trend in PL lifetime is observed in (B), with the exception of the 5% Ag+ 
film, which has a shorter lifetime, likely due to trap states introduced 
with the introduction of Ag+. ......................................................................125 
Figure 5.7. TRPL decay curves at 540 nm of MAPBr films on glass deposited with 
the addition of (A) 0%, (B) 0.5%, (C) 1%, (D) 2%, (E) 5%, and (F) 10% 
Ag+. Data is in black squares and the fit curve is denoted by a red line. 
Data was fit to a biexponential decay function with parameters seen in 
Table 5.2. ....................................................................................................126 
Figure 5.8.  Illustration of an Ag+ cation surface doping mechanism that induces 
crystallographic orientation of MAPBr films.  Blue ellipsoids depict 
methylammonium, green are lead, purple are bromide, and grey are 
silver atoms.  MAPBr exhibits a weakly favored (011) orientation on the 
substrate.  The addition of Ag+ at low concentrations (0.5-2% Ag+) leads 
to a weakly preferred (001) orientation, and higher Ag+ concentrations 
(>5% Ag+) leads to strongly preferred (001) crystal orientation. ...............128 
 xxxii 
Figure 6.1 (A-B) TEM images of TlBr nanocrystals, showing particles have a 
uniform spheroid shape and size distribution of 13 + 3 nm. (C) HRTEM 
image of a TlBr particle, showing (110) lattice fringes with a d-spacing 
of 0.29 nm. (D) XRD pattern of the nanocrystal product, showing the 
particles are crystalline CsCl-type cubic TlBr (PDF #01-071-4695) with 
no large phase impurities. A small peak at ~16o 2θ may be due to 
organic contamination. (E) Porod plot calculated from solution small-
angle X-Ray scattering (SAXS) of TlBr nanocrystals in toluene. A fit of 
the data shows dispersed particles exhibit a uniform size distribution of 
10.4 + 1 nm. The fit diverges at high q-values, indicating the distribution 
of particle sizes may not be perfectly Gaussian in the limit of small 
particle size. ................................................................................................149 
Figure 6.2.  TEM images and size distributions from particle counting for a TlBr 
nanocrystal reaction at 70 oC held for (A,B) 0 min, (C,D) 5 min, and 
(E,F) 30 min. Histograms of counted particles are in the inset of (B), 
(D), and (F). ................................................................................................150 
Figure 6.3  TEM images and size distributions from particle counting for a TlBr 
reaction held for 5 min at (A,B) 30 oC, (C,D) 70 oC, and (E,F) 110 oC. 
Histograms of counted particles are in the inset of (B), (D), and (F). ........151 
 xxxiii 
Figure 6.4 (A-B) TEM images of Tl2AgBr3 nanocrystals, showing particles have a 
uniform spheroid shape and size distribution of 15 + 3 nm. (C) HRTEM 
image of a Tl2AgBr3 particle, showing (300) lattice fringes and a d-
spacing of 0.28 nm. (D) XRD pattern of the nanocrystals, showing the 
particles are crystalline dolomite-type trigonal structure (PDF #00-017-
0631) with no large phase impurities. (E) Porod plot calculated from 
solution small-angle X-Ray scattering (SAXS) of a solution of Tl2AgBr3 
nanocrystals in toluene. A fit of the data shows dispersed particles 
exhibit a uniform size distribution of 14 + 2 nm. .......................................152 
Figure 6.5 TEM images and size distributions from particle counting for a 
Tl2AgBr3 reaction held for 0 min at (A,B) 30 
oC, (C,D) 70 oC, and (E,F) 
110 oC. Reactions above 110 oC introduced a TlBr phase impurity to the 
nanocrystal product. Histograms of counted particles are in the inset of 
(B), (D), and (F). .........................................................................................153 
Figure 6.6 TEM images and size distributions from particle counting for a 
Tl2AgBr3 nanocrystal reaction at 110 
oC held for (A,B) 0 min and (C,D) 
5 min. Reactions held for 30 min did not yield dispersible nanocrystals. 
Histograms of counted particles are in the inset of (B) and (D). ................155 
Figure 6.7 (A) Solution absorbance of TlBr nanocrystals synthesized at 70 oC for 5 
min, exhibiting a weak exciton signal around 3.1 eV, consistent with 
reports of the band gap of bulk TlBr. (B) Tauc analysis taken from the 
Kubelka-Munk curve of dried Tl2AgBr3 nanocrystals, showing 
nanocrystals exhibit an indirect band gap of 3.0 eV. ..................................157 
 xxxiv 
Figure 6.8  SEM images of (A) TlBr and (B) Tl2AgBr3 nanocrystal superlattices. 
Both nanocrystal systems exhibit some degree of ordering on substrates, 
but the extent of superlattice formation is inhibited by aggregates that 
form during drying. (C) GISAXS and (D) GIWAXS images of TlBr 
nanocrystal superlattices, showing that TlBr nanocrystals form an FCC 
superlattice with (111) orientation on the substrate. Tl2AgBr3 
nanocrystals did not order with long enough range to consistently 
produce GISAXS patterns...........................................................................159 
  
 1 
Chapter 1: Introduction 
1.1 THE NEED FOR AND OPPORTUNITY OF A CLEANTECH REVOLUTION 
Human-induced climate change caused by the emission of greenhouse gasses is an 
existential threat to our way of life and the health of our planet. The story of human 
development-it has been said- can be told as the story of energy availability. Indeed, global 
historical estimates of gross domestic product (GDP) and global energy demand are well 
correlated,1 and the Industrial Revolution that kickstarted the modern era is attributable in 
large part to the development of cheap sources of portable energy and the inventions of 
engines and thermodynamic cycles that could harvest this portable energy ever more 
efficiently. We refer today to these cheap sources of power as “fossil fuels”.2,3 
Fossil fuels were implemented widely not merely because they were cheap and easy 
for early industrial era manufacturing to utilize, but also for their ease of transport and 
flexibility in usage.2,3 To take an example, coal can be used as a thermal heat source for 
manufacturing, as a transportation fuel for trains, and as a source of electricity. Not only 
that, but one truck of coal can be transported easily from the manufacturing plant to the 
railway to the power plant in a matter of minutes, delivering much higher energy densities 
than traditional fuels of the time (wood, peat) along the way. Truly, coal was seen as a one-
size-fits-all energy solution.  
While the combustion of these fossil fuels advanced society and brought about the 
modern era, the emission they produced created the environmental catastrophe in which 
the world finds itself today. Pollutant CO2, accumulating from almost a century and a half 
of the industrialized economy, has tripled the CO2 concentration in the atmosphere over 
the last century,4 raised global surface temperatures by ~1oC,4 and is being treated as a 
national security threat by the US government.5 In spite of this, global emissions continue 
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to increase at a troubling rate4 as growing/emerging economies still rely on increased fuel 
consumption to promote GDP growth.1,3,4 Therefore, there is a tremendous need for 
electricity/energy generation that is (a) emission-free, (b) inexpensive enough to be 
accessible by all strata of society, and (c) reliable enough to promote economic 
development in low income countries. 
This need lays the framework for what many analysts call “the largest wealth-
creation opportunity of our lifetime”6-the emergence of greentech and the green economy. 
The economic incentives for providing consistent clean energy are massive; the Paris 
Climate Accord and goals laid out therein demonstrate the tremendous demand for clean 
energy among nearly all nations in the world. Many have recognized that the clean 
economy is not just a charity case-that the economic potential is tremendous. Solar and 
wind have become increasingly significant energy generation infrastructure; wind today 
provides 2.5% of electricity in the United States, (https://www.llnl.gov/sites/default/files/ 
field/image/article/2019/04/energyflowchart875x500.jpg) and the US has recently 
achieved 2 million solar installations nationwide.7 With growth in implementation, the 
economic opportunity is also growing. Battery storage, as well, is rapidly decreasing in 
cost, prompting rapid growth in this field as well.8 However, cleantech technologies are 
still far from ubiquitous. There is still a lot of opportunity for technology-driven growth to 
promote continual reduction of our carbon footprint; even with the tremendous growth we 
see in the sector today, fossil fuels still power 80% of the US economy. 
(https://www.llnl.gov/sites/default/files/field/image/article/2019/04/energyflowchart875x
500.jpg) Technological improvements must continue to drive growth in the cleantech 
industry, helping accelerate this green energy transition.  
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1.2 SOLAR PV IN THE NEW GREEN ECONOMY 
Generally, policymakers and professionals in the industry believe that the best 
roadmap for developing an emissions-free economy is to (1) make the electricity sector 
free of emissions and (2) “electrify everything”, where as much energy demand is 
electrified as possible.9 The second half of this plan is not relevant for this thesis, but will 
rely on the development of new batteries, electrical heating elements, and pump-driven 
membrane separations development for effective implementation. Much work is to be done 
on all these fronts, including significant research advancements in these areas at the 
University of Texas at Austin. Deep decarbonization of the electricity sector will rely on 
the replacement of fossil fuel generation with nuclear and renewable energy generation 
sources, with preferably more renewable generation as safe nuclear plants become more 
costly to build.4,9 
Within the renewable sector, there are several players that are fairly well established 
yet have not experienced significant growth in the last decade. Hydro power and biofuels 
have been around for centuries, with the latter being the primary form of energy generation 
for the large majority of human history (wood, peat, etc.).1,3 Unfortunately, biofuels are 
very inefficient for electricity generation, and hydropower has local environmental and 
political issues associated with the technology10 that have stalled many recent projects.11 
In recent years, two new emissions-free technologies have exponentially grown: wind and 
solar. Wind power has been growing in interest as wind producers make new turbines that 
are larger, more efficient, better located (i.e. offshore), and kill fewer birds.12 Solar, 
however, has seen the most growth, as costs have come down exponentially13 and 
efficiencies continue to increase (www.nrel.gov/pv/cell-efficiency) driving unprecedented 
growth in the solar energy sector.13 
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The growth of this sector- which is dominated currently by silicon and CdTe 
generation technologies- has shown the potential opportunity for solar PV in new 
applications. Outside of rigid panels, ubiquitous PV that can be used in flexible of bendable 
substrates, or in buildings, has started to realize its enormous potential. Even within the 
rigid panel industry, use of new transformative technologies will soon be needed to 
continue to improve panel efficiency. There is still a lot of potential for technology-driven 
growth in the solar PV industry to fill the tremendous need for green energy generation in 
the new energy economy. 
1.3 BASIC SOLAR CELL PHYSICS 
The simplest solar photovoltaic (PV) system is a solid-state semiconductor device 
that absorbs light at an interface and uses the electrochemical potential difference between 
the two sides of the interface to drive separation of positive and negative charge. Take as 
an example a silicon homojunction solar cell. Such a cell only uses one semiconductor 
material-silicon, with a band gap of 1.1 eV. The chemical potential of the two silicon 
layers-henceforth referred to as the Fermi level of the layers- is then tuned via heterovalent 
doping. In a typical system, boron dopants are used to lower the Fermi level, and 
phosphorous dopants are used to raise the Fermi level. This occurs via either electron 
donation (in the case of P) or occupation (in the case of B), which changes the free charge 
carrier concentration in the layer, which in turn tunes the semiconductor’s chemical 
potential. The layers in isolation look as in Figure 1.1a. We refer to the material with the 
raised potential as n-type and to the material with the lowered potential as p-type. We also 
do not conceptually refer to p-type doping as the acceptance of free electrons, but the 
donation of solid state “holes”, which are semiclassical quasiparticles that represent the 
absence of an electron in an energy band that is mostly occupied by electrons. 
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Once p-type and n-type layers are brought together, seen in Figure 1.1b, band 
bending occurs between p-type and n-type layers. This occurs due to the requirements that 
(a) the Fermi level at equilibrium needs to be equal across the entire film, and (b) the 
phenomenon of band “pinning” at solid state interfaces. This pinning occurs during the act 
of equilibration; as the two layers are brought into contact, free electrons and free holes fly 
into each other at the interface, recombining. This means that at the interface, there are no 
more excess free electrons or holes (assuming the dopant concentration on each side of the 
interface is equal) and the Fermi level is an intermediate position (whose exact value is 
determined by dopant concentration in each silicon layer). As the Fermi level changes, 
however, an energy barrier for electrons and holes forms at this same interface, preventing 
their rapid recombination. This barrier forms because electrons wish to be lower in energy, 
while holes wish to be higher, and the interface begins to exhibit a conduction band energy 
that raises at the interface on the electron-rich side and a valence band energy that lowers 
at the interface on the hole-rich side during equilibration. Therefore, further recombination 
of electrons and holes from deeper into the layer is limited by diffusion; electrons and holes 
must feel a strong enough concentration gradient to overcome the chemical potential 
barrier of that interface. This creates a gradual leveling off of the bands to their bulk 
positions far away from the interface, and continuous (in the case of homojunctions) bands 
that bend at interfaces, seen in Figure 1.1b. The volume which exhibits band bending is 
referred to as the “depletion region” 
Solar energy is created from light that is absorbed in the depletion region, seen in 
Figure 1.1c. Light is absorbed, creating an electron-hole pair. Electrons and holes are then 
separated from each other due to the potential gradients in the depletion region, which 
allows for the extraction of current. In this thesis, PVs will not adopt a “p-n” junction, as 
in silicon, but a “p-i-n” heterojunction architecture, seen in Figure 1.1d. In this 
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configuration, an intrinsic absorber is sandwiched between two p- and n-type layers of 
different composition than the absorber to create a PV with a depletion region that extends 
through the entire film.  
 
Figure 1.1 (A-C) P-and n-type silicon layers (A) in isolation, (B) in equilibrium contact 
with each other, and (C) absorbing light without applied bias. (D) A generic 
p-i-n perovskite band diagram with an organic hole transporter. 
 Power is extracted from the cell by applying bias to the system to extract “negative” 
current. The point at which the power of the electricity extracted P=-IV is at its the 
maximum (PMPP) is called power point. Efficiency in the case of PVs is defined as Power 




-2, where 100 mW cm
-2 is the power 
of incident light. A cartoon of an example J-V curve is seen in Figure 1.2. Other metrics 
that can be extracted from the curve include short circuit current (JSC), open circuit voltage 
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Figure 1.2 Example J-V curve used for analyzing PV performance. 
1.4 THE SHOCKLEY-QUEISSER LIMIT AND HOW TO BEAT IT 
Solar cell PCE is limited by two competing factors: light absorption and output 
voltage. The maximum possible VOC of a solar cell cannot be larger than its band gap; 
therefore, the band gap is an upper bound on the voltage of extracted power. However, 
semiconductors cannot absorb light with an energy lower than the band gap energy. 
Therefore, as you increase band gap to increase the VOC of the device, you decrease the 
number of photons you can absorb, lowering current extraction. Shockley and Queisser 
considered this and came up with a maximum theoretical efficiency for each band gap 
energy.14,15 In the ideal case, with a band gap of 1.3 eV, they determined that the maximum 
possible PCE was 34%. Modern day PVs are rapidly approaching this limit; there are a half 
dozen technologies with certified PCE of 22% or higher, and other PVs that are nearly at 
the Shockley-Queisser limit for their specific band gap.16 Therefore, creative strategies will 
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need to be employed moving forward to further increase PV PCE without significantly 
increasing cost.  
There are several established methods to overcome the Shockley-Queisser limit. 
Emissive materials that upconvert and downconvert are currently being employed in light 
management schemes to change the thermodynamic efficiency limit by changing the 
spectra of incident light.17 In upconversion schemes, two photons of low-energy light are 
simultaneously absorbed by one electron, which excites this electron to a high energy state 
that would be inaccessible to it given single-photon absorbance. Once excited, the high 
energy electron then emits directly to its ground state, creating one photon of higher energy 
from two low-energy photons. Such a scheme is used to improve the JSC of wide band gap 
PVs without sacrificing voltage.18–20 Likewise, in a downconversion process, sometimes 
called a singlet fission process, one high energy electron absorbed with at least twice the 
energy of the host material band gap is absorbed and, through some Auger process and 
radiative recombination, generates two photons of lower energy light. This is used in lower 
band gap materials and in concentrated solar power systems to increase incident light 
intensity and short circuit current. A similar process exclusive to nanocrystal photovoltaic 
systems is multiple electron generation (MEG), where two electrons are generated in a 
semiconductor quantum dot from one high-energy photon in an Auger process.21 Instead 
of emission in the quantum dot and re-absorbance elsewhere, the quantum dot also acts as 
the active PV material, meaning these extra electrons can be directly extracted after they 
are generated. 
However, the most direct and potentially the most effective way of eclipsing the 
Shockley-Queisser limit is through use of tandem cell architectures. Tandem photovoltaics 
employ two absorbing layers of different band gaps stacked on top of each other. Using 
this strategy, once can absorb more of the solar spectrum with fewer thermal losses. Unlike 
 9 
other strategies mentioned, tandems are a voltage-additive strategy which is already being 
implemented commercially.22 Tandems have two general designs: 2-terminal (or 
monolithic) tandems, and 4-terminal tandems. Figure 1.3 shows examples of each design. 
While 4-terminal tandems are easier to design, 2-terminal tandems are desirable due to 
their lower balance of system costs.23 In any event, there is a need in the tandem PV 
industry for new PV technology that has a widely tunable band gap, can be processed at 
mild temperatures so that 2-terminal PVs can be fabricated without damaging underlying 
layers, and can be made cheaply. Hybrid organic-ingorganic perovskites have recently 
emerged to meet this need. 
 
Figure 1.3 Comparison of 2-terminal and 4-terminal tandem PVs 
1.5 HYBRID ORGANIC-INORGANIC PEROVSKITES 
 Hybrid Organic-Inorganic Perovskites (HOIPs) are a relatively new field of 
solution-processed optoelectronic semiconductors which demonstrate long carrier 
diffusion lengths and very high defect tolerance. These favorable properties have 
contributed to their meteoric rise in the PV field, with perovskites achieving 24% PCE in 
and unprecedently short ten years of research (www.nrel.gov/pv/cell-efficiency). A brief 
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look into the history of HOIPs is warranted before discussion on their limitations and 
tandem cell applications thus far. 
1.5.1 Early discovery 
Hybrid organic-inorganic perovskites are semiconductors with an ABX3 formula 
that have cubic perovskite crystal structure, an organic cation A site, and (usually) a halide 
X-site. The crystal can be easily visualized as octahedral BX3 forming a hollow cubic cage 
which is filled by the large A-site cation. Often, the geometric factor, called the 
Goldschmidt Tolerance Factor24 in perovskites, is slightly off due to an undersized or 
oversized A-site cation. This induces tilting in the inorganic cage, lowering the symmetry 
of the crystal to tetragonal or orthorhombic perovskite analogues.24–26 In cases with subtle 
tilting, there is a negligible change in band gap when this tilting occurs.24,25 Therefore, 
these non-cubic semiconductors are also called “perovskites” out of convenience. 
Perovskites of this type were first discovered in 1893, where CsPbX3 perovskites 
were synthesized in a powder form.27 Later, in 1958, Møller characterized the crystal 
structure of these compounds and recorded their photoconductivity in the first report of 
their potential in optoelectronics.28 The first truly hybrid HOIP-methylammonium lead and 
tin halides- were discovered in 1978 by Weber et al.29,30 Then, in the mid-1990s, Dr. David 
Mitzi-at IBM at the time- began exploring Sn-based HOIPs for use in thin film 
transistors.31,32 These Sn-based perovskites were later shown to have good hole 
conductivity, and HOIPs found their first PV application: as solid state electrolytes for dye-
sensitized solar cells (DSSCs), replacing the traditional liquid phase redox couple.33 Soon 
after, however, a more promising application for this material was discovered, with a much 
greater potential for innovative transformation. 
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1.5.2 The Invention of the Perovskite Solar Cell 
In 2009, Tsutomu Miyasaka of the Toin University of Yokohama and colleagues 
decided to flip the conventional wisdom of using HOIPs in DSSCs. Instead of using HOIPs 
as the hole shuttle, they employed a HOIP sensitizer in a DSSC, using methylammonium 
lead iodide (MAPI) and methylammonium lead bromide (MAPBr) to make solar cells with 
~1-3% PCE.34 The authors employed these absorbers in a traditional DSSC architecture, 
using a very thick mesoporous TiO2 layer as the n-type contact, and shuttling away holes 
using a liquid iodide redox couple that competed the circuit via electrolyte reduction at a 
counter electrode.34 The authors also noted that devices tended to degrade rapidly, as the 
HOIP layer would readily dissolve in the electrolyte solution.  
It was this last observation that inspired the groups of Nam-Gyu Park and Henry 
Snaith to pursue replacement of this liquid electrolyte with an organic solid-state hole 
conducting material. Both groups published reports in 2012 detailing the use of HOIP PVs 
around 10% PCE35,36 utilizing spiro-OMeTAD, a common solid-state electrolyte for 
DSSCs, as the hole transporting material (HTM). This performance-impressive for a new 
PV material- inspired a flurry of research, which in turn lead to an unprecedented rate of 
performance improvement. (www.nrel.gov/pv/cell-efficiency) Very rapidly thereafter, 
cells with 15% PCE37 and then 20% PCE38 were being reported. Additionally, PVs were 
being fabricated with a variety of different architectures and with new materials,38,39 
showing the wide range of tunable properties this material could possess.  
1.5.3 Current State of Research 
Today, top performing cells have achieved upwards of 24% PCE 
(www.nrel.gov/pv/cell-efficiency). PVs today usually employ simultaneous A-site and X-
site alloying in HOIP absorbers with very complex compositions. Additionally, HOIPs are 
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finding applications in a variety of other fields as well, including in high efficiency 
LEDs,40,41 radiation detectors,42 and photodetection schemes.43  
Researchers are also going beyond traditional perovskite structures, utilizing the 
soft bonding of HOIPs to make new interesting bulk materials. Of particular interest are 
new lower dimensional perovskites, which employ A-site cations that are too large to fit 
into 3D perovskites. As a result, the inorganic components of these perovskites crystallize 
into plate-like structures (2D HOIPs) or wires (1D HOIPs) separated from each other by 
the A-site spacer ion. Since the local dielectric constant of the inorganic and organic 
components are significantly different, lower-dimensional HOIPs behave like self-
assembled quantum wells or wires with long-range uniform ordering. This intriguing 
structure results in semiconductors with interesting properties not present in 3D analogues 
including efficient white light emission and large luminescence quantum yields in bulk 
films and crystals.44–46 The large hydrophobic organic component of 2D HOIPs also 
significantly improve humidity stability compared to 3D counterparts.47  
Other work focusing on lead- and tin- free HOIP materials discovery has opened 
up a new field of “double perovskites”. Double perovskites, also called elpasolites, have a 
chemical formula of A2B’B’’’X6, where heterovalent alternating B’ and B’’’ sites replace 
the traditional B-site of regular perovskites.48,49 For halogen perovskites, these B’ and B’’’ 
sites are in the 1+ and 3+ oxidation state, respectively. For example, traditional 3D 
perovskite CsPbBr3 employs Cs in the 1+ oxidation state, Pb in the 2+ state, and Br in the 
1- state. Analogous double perovskite Cs2AgBiBr6, however, employs alternating Ag
+ and 
Bi3+ cations in the B-site in lieu of lead.48 Such double perovskites are attracting much 
attention as white light emitters, as low band gap HOIPs, and for lead-free 
optoelectronics.46,48,49 
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1.5.4 Companies and the Commercial Future 
Currently, there are several companies who have attempted to utilize HOIP 
technology for PV applications. Oxford PV is the first and most successful perovskite 
startup created thus far, raising $100 million in capital and reporting a world-record 28% 
silicon-HOIP tandem PV.50 (www.nrel.gov/pv/cell-efficiency) Saule technoliges, a Polish 
company, is working on flexible or flexed HOIP PVs for building-integrated designs, and 
has installed a demonstration plant recently in Warsaw.51 There are also several other 
companies working towards perovskite commercialization, including Microquanta, Solar-
tectic, and Frontier Energy Solutions. (https://www.perovskite-info.com/companies) 
While much work still needs to be done, HOIP technology is showing that it has the 
potential to truly contribute to the cleantech industry in earnest. 
1.6 HUMIDITY INSTABILITY IN PEROVSKITES 
One of the major limitations impeding the commercialization of HOIP PVs is the 
humidity-induced instability exhibited by most HOIPs. Some of the earliest reports of 
HOIP PVs-including the very first report by Miyasaka et. al.-report rapid degradation of 
HOIP materials exposed to polar solvents34 and water vapor.52 This rapid degradation has 
dampened the pace of scale up for commercial development of HOIP PVs. Recently, this 
degradation has been dramatically slowed via compositional tuning; by alloying two or 
more A-sites and X-sites in a single HOIP, one can create extremely stable HOIP thin films 
and PVs.52–54 Additionally, recent advances in overlayer coating/surface passivation have 
dramatically improved HOIP stability as well,55 leading to perovskite PVs that can pass 
preliminary IEC accelerated aging tests.56 However, to fully reach the stability goals laid 
out in the DOE SunShot report for next-generation PV,13 HOIPs will require one more 
order of magnitude in stability lifetime improvement. To achieve this, fundamental 
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understanding of the degradation processes must be further developed and studied in depth 
to determine the root cause of the improved stability in HOIP alloys and to develop 
representative aging tests for this next generation technology. 
1.7 PEROVSKITE TANDEM CELLS 
Once these issues are overcome, one of the major applications for perovskite PV is 
in tandem cells. While perovskites can be used to make flexible devices on low melting 
point substrates, the field of tandem cells remains the largest market opportunity for 
perovskite PV technology. As mentioned earlier, perovskites are uniquely suited for 
tandem PV due to their low temperature manufacturing, wide band gap tunability, and 
solution processability. Additionally, high defect tolerance and carrier mobility of these 
materials across a wide compositional space allow for a large degree of flexibility in 
tandem cell processing. These advantages have been used widely in literature to make a 
variety of tandem cells. A full citation list of all tandem cell work pre-October 2018 is in 
Chapter 4; here are the highlights of what has been done thus far. 
1.7.1 HOIP-Silicon Tandem Cells 
The first HOIP-silicon tandem cell was made in 2014 and achieved an efficiency 
of 17% by mechanically stacking a HOIP cell on top of a high performing silicon device.57 
Soon after, two terminal devices were established, achieving efficiencies in excess of 20% 
when employing an antireflective coating in a large-area device.58 Further progress was 
unfortunately delayed by the revelation that, in traditional HOIP thin films, mixed iodide-
bromide HOIPs undergo photoinduced phase segregation under illumination.59 This was 
troubling for the tandem community, since ideal band gap top cells could only be realized 
by mixing the bromide and iodide in a HOIP film. Further research was then focused on 
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created idealized band gap pairings by using simultaneous A- and X-site alloying to 
increase the amount of bromide that could be incorporated into the HOIP before the onset 
of this phase segregation.60 The development of these wider band gap perovskites allowed 
for rapid development of silicon-HOIP tandems with ideally matched band gaps.61–63 
Recently, tandem cell efforts have focused on using textured bottom cells, as simulations 
have shown these are theoretically better at trapping light in the silicon bottom layer.64,65 
Ballif et al have made great progress in this area, first developing a process to deposit 
smooth, uniform layers on a patterned silicon substrate,64 then using said process to 
fabricate 25% efficient tandem cells,64 and then finally fabricating the first triple junction 
HOIP device: a HOIP-HOIP-Si monolithic triple junction cell with 14% PCE.65 The current 
silicon-HOIP tandem record is held by Oxford PV, a startup out of the UK. 
(www.nrel.gov/pv/cell-efficiency) 
1.7.2 HOIP-CIGS Tandem Cells 
HOIP-CIGS tandem cells have also been developed to a more limited extent. This 
architecture is interesting as both top and bottom cells have band gap tunability, which 
allows for more easily realized ideal band gap tandems. The first report of Si-HOIP tandem 
PV also reported a CIGS-HOIP PV with 18% PCE.57 Likewise, 2-terminal cells were 
developed soon after with similar efficiency.66 Recently, HOIP-CIGS tandem cells have 
achieved upwards of 21% PCE using similar strategies to that of HOIP-Si tandem cells, 
whereby a process was developed to deposit HOIPs monolithically on the nonuniform 
surface of a CIGS device.67 
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1.7.3 HOIP-HOIP Tandem Cells 
One of the more interesting developments to recently come about is the 
development of all-perovskite (or HOIP-HOIP) tandem PVs. Such devices were first 
developed as monolithic cells in 2015,68 and have recently become a very popular research 
topic. HOIP-HOIP PVs have the same band gap tunability advantages as HOIP-CIGS 
tandem cells, but with the additional potential application in flexible tandem PVs.69 Top 
HOIP-HOIP tandem PVs employ a tin-lead alloy bottom layer to sufficiently lower the 
band gap of the bottom cell for effective tandem performance. This was first implemented 
effectively in 2016, where a HOIP-HOIP tandem device with 20% PCE was achieved using 
ideally matched band gaps.70 The record HOIP-HOIP tandem in literature presently 
employs a 4-terminal architecture and 2D additive guadinium thiocyanate to achieve a PCE 
of 25%.71 
1.7.4 What’s next for Tandem HOIP PV? 
Recently, HOIP architectures have been expanding further to incorporate other PV 
technologies such as nanocrystal solar cells.72,73 However, HOIP PVs have yet to be 
coupled with some high efficiency PV devices such as GaAs and CdTe. CdTe-HOIP 
tandems are particularly interesting, as CdTe technology has the second largest market cap 
of any PV technology in 2019.74 Furthermore, while HOIP-HOIP PVs with reasonable 
band gap pairing have achieved high efficiency tandem PV to date, ideal HOIP-HOIP PVs 
would utilize a bottom cell with a bandgap lower than the lowest band gap HOIP known 
to date.75 Groundbreaking work towards tandem PV will be achieved via (1) exploration 
of new tandem architectures and (2) new materials exploration to find low band gap HOIPs 
more well-suited for certain tandem applications. 
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1.8 DISSERTATION OVERVIEW 
This dissertation tackles these two issues hindering the commercialization of 
HOIPs: humidity stability and limit applicability in tandem architectures. Book 1 details 
the interactions between water vapor and HOIP/metal halide thin films, while Book 2 
explores tandem cell applications. Chapter 2 demonstrates that bismuth doping into 
methylammonium lead iodide (MAPI) impacts humidity stability differently at different 
humidity conditions, the first such report of an additive having a disparate effect at different 
humidity. This not only has implications for compositional design, but also for reliability 
testing, showing that accelerated aging tests performed at high humidity may not accurately 
represent the real-world degradation behavior of perovskite PVs. Chapter 3 shows how this 
humidity-induced degradation could be utilized effectively for different applications, 
showing how deliquescent chromism in nickel (II) iodide films can be used as a switchable 
smart window material. Chapter 4 details the challenges of making HOIP-CdTe thin films, 
identifying wide band gap CH3NH3PbBr3 as the best material currently known in literature 
to match with CdTe in a tandem cell. In chapter 5, control of crystal orientation is 
demonstrated in thin films of CH3NH3PbBr3 with the addition of a small amount of Ag
+. 
Chapter 6 initiates development of lower band gap HOIPs for CdTe tandem cells by 
exploring thallium bromide nanoparticle chemistry. Finally, Chapter 7 summarizes all 
work and provides a roadmap for continuing progress in these areas.  
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HUMIDITY-INDUCED TRANSITIONS IN HOIPS AND RELATED 
METAL HALIDES 
Chapter 2:  The Stabilizing and Destabilizing Nature of Bi on 
CH3NH3PbI3 (MAPI) Perovskite in Humidity† 
2.1 INTRODUCTION 
Methylammonium lead iodide (CH3NH3PbI3, MAPI) is a hybrid organic–inorganic 
perovskite (HOIP) with applications in photovoltaic devices (PVs),1,2 light-emitting diodes 
(LEDs),3-5 lasers,3,4 photocatalytic systems,6 and radiation detectors.7 However, MAPI is 
highly susceptible to degradation under humidity,8,9 which limits its commercial 
application. According to previous reports, MAPI degrades via the reversible formation of 
monohydrate and dihydrate species before a final irreversible degradation into PbI2 by the 
following reaction pathway:8,10−14 
 CH3NH3PbI3 (s)+H2O(g)⇌CH3NH3PbI3∙H2O(s) (2.1) 
 4CH3NH3PbI3∙H2O(s)⇌(CH3NH3)4PbI6∙2H2O(s)+3PbI2 (s)+2H2O(g) (2.2) 
 (CH3NH3)4PbI6∙2H2O(s)⟶4CH3NH2 (g)+4HI(g)+PbI2 (s)+2H2O(g)  (2.3) 
The resulting PbI2 is the only remaining solid material. It is shown that 
encapsulation in hydrophobic fluoropolymers or glass can stabilize MAPI up to several 
months;15,16 however, higher intrinsic stability would greatly help reach commercial 
viability.17 
 
                                                 
†
Reprinted with permission from Siegler, T.D., Houck, D.W., Cho, S.H., Milliron, D.J., Korgel, B.A.* (2019) 
“Bismuth Enhances the Stability of CH3NH3PbI3 (MAPI) Perovskite Under High Humidity”. J. Phys. Chem. 
C. 123 (1): 963-970. http://pubsdc3.acs.org/articlesonrequest/AOR-k6nrAUfnYy25MCzExREN.Copyright 
2018 American Chemical Society. TDS conceived and carried out all experiments except XPS, analyzed 
data, and wrote the manuscript. 
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The intrinsic stability of MAPI can be tuned by replacing MA+, Pb2+, or I– with 
other chemical species, either by bringing the Goldschmidt tolerance factor closer to 
one,18,19 improving the film morphology,20−22 or strengthening hydrogen bonding between 
organic A site components and the halide moiety.10,23−25 For enhancing stability, 
replacement of MA+ with formamidinium (CH(NH2)2
+ FA+)26 or cesium (Cs+),18,27,28 and 
I– with Br–,22 Cl–,20 thiocyanate,29,30 or selenide,31 can all improve the humidity stability of 
MAPI. There have also been numerous reports detailing the substitution of Pb2+ with other 
species, but most of these do not mention the resulting stability of the materials in detail. 
In3+ has been shown to stabilize CH3NH3PbI3–xClx PVs stored on a benchtop,
32 and the 
addition of Sr2+ to CsPbI2Br significantly improves the stability of encapsulated PVs stored 
at <50% RH in the dark.33 Improved benchtop stability of PVs has also been reported for 
CH3NH3Pb0.95Sn0.05I3 devices with added CuBr and MAPI devices with added Co.
34,35 
However, many of these humidity-induced degradation studies do not adequately control 
for light, humidity condition, or environment from day to day.  
There has been some preliminary work detailing the impact of bismuth on HOIP 
stability, but it is currently limited in scope. The additions of Bi,19,21,36 Sr,37 and Eu38 have 
been shown to stabilize the cubic perovskite α-phase of materials where the preferred phase 
at room temperature is the orthorhombic non-perovskite δ-phase, such as CsPbI3
19,36−38 and 
FAPbI3.
21 It has been proposed that these additives enhance the stability of the cubic 
perovskite phase by either modifying the tolerance factor,19,36 increasing microstrain from 
reduced crystallite size,38 or by reducing humidity degradation rates,21 since water vapor 
catalyzes the α-to-δ phase transition.39 Lehner et al.40 suggest that A3Bi2I9 (A = K, Rb, Cs) 
compounds, in general, are more durable than their lead perovskite analogues, having 
observed unchanging X-ray diffraction (XRD) patterns from samples stored for months in 
air (although the storage conditions were not specified, i.e., humidity level, lighting 
conditions, and no direct comparison between A3Bi2I9 and MAPI is made). Another recent 
paper reported PVs with heterogeneously mixed FA0.83MA0.17Pb(I0.83Br0.17)3 and 




Here we explore the addition of Bi as a route for stabilizing MAPI in the presence 
of humidity. We find that partial substitution of Pb2+ with Bi3+ can either stabilize or 
destabilize MAPI depending on the relative humidity (RH). At 90%, the addition of Bi3+ 
significantly reduces the rate of degradation of MAPI. However, at 60% RH, added Bi3+ 
significantly increases the rate of degradation. We propose that the added Bi3+ accelerates 
and decelerates different reaction pathways involved in the degradation of MAPI, which 
results in stabilization or degradation of MAP(Bi)I depending on the amount of moisture 
in the environment.  
2.2 EXPERIMENTAL DETAILS 
2.2.1 Materials 
Lead iodide (PbI2, 99.999% ultradry, Alfa Aesar), bismuth iodide (BiI3, 99.998% 
ultradry, Alfa Aesar), methylammonium iodide (CH3NH3I, MAI, Dye-Sol), anhydrous 
diethyl ether ((CH3CH2)2O, anhydrous >99.0%, BHT inhibitor, Sigma), anhydrous 
dimethyl sulfoxide ((CH3)2SO, anhydrous 99.9%, Sigma), anhydrous dimethylformamide 
(HCON(CH3)2, 99.8% Sigma), ethanol (CH3CH2OH, 200 proof, Fisher Scientific), 
glycerol (HOCH2CH(OH)CH2OH, 98%, Fisher Scientific), and (3-
aminopropyl)triethyoxysilane (H2N(CH2)3Si(OC2H5)3, >98%, Sigma) were all used as 
received. 
2.2.2 Preparation of MAPI and MAP(Bi)I Films 
Glass substrates (1″ × 1″, Cardinal Glass) were sonicated in ethanol for 30 min and 
immersed in (3-aminopropyl)triethoxysilane (APTES) in ethanol (1:9 APTES/ethanol vol 
ratio) for 5 min. A drop of water was added to the APTES solution to promote APTES 
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grafting. The substrates were rinsed with IPA and heated at 100 °C in ambient air for 10 
min. 
Smooth perovskite films were deposited on glass substrates using a modification of 
the procedure developed by Park et al.42 A MAPI precursor solution was dissolved by 
adding 273 mg of PbI2, 95 mg of MAI, and 120 mL of dimethyl sulfoxide (DMSO) to 480 
mL of dimethylformamide (DMF) and stirring at room temperature for 2 h. The resultant 
solution had a 1:1 molar ratio of PbI2/MAI. Likewise, 356 mg of BiI3, 95 mg of MAI, and 
120 mL of DMSO were dissolved in 480 mL of DMF in a separate vial, forming a 1:1 
molar ratio BiI3/MAI. After 2 h of stirring, to generate the MAP(Bi)I precursor solution, 
the lead-based solution was mixed with the bismuth-based solution in a 19:1 ratio by 
volume (5 mol % Bi on a metal basis), forming a solution with a 0.95:0.05:1 PbI2/BiI3/MAI 
mole ratio. 
Spin-coating was performed on glass slides coated with APTES in a nitrogen 
glovebox with O2 < 5 ppm. Respective precursor solution (50 μL) was spread evenly over 
the substrate, and then the substrate was spun at 5000 rpm for 30 s, with a ramp rate of 
2500 rpm/s. About 12–15 s into the spin-coating process, ∼500 μL of diethyl ether was 
dropped onto the substrate, creating smooth, clear, uniform films. Films were immediately 
annealed at 60 °C for 1 min, then at 100 °C for 2 min. The resulting films were smooth and 
semitransparent. 
2.2.3 Exposure of MAPI and MAP(Bi)I Perovskite Films to Humidity 
Perovskite films were aged in a home-built humidity chamber. Humidity was 
controlled by mixing water and glycerol in the appropriate ratios and waiting ∼48 h for the 
mixture to equilibrate with the sealed atmosphere.10,43 For 90% RH, 28 mL of DI H2O was 
mixed with 12 mL of glycerol. For 60% RH, 13.4 mL of DI H2O was added to 26.6 mL of 
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glycerol. MAPI and MAP(Bi)I films were exposed to humidity under controlled indoor 
lighting with ∼2 mW/cm2 total light intensity, as measured by a Newport Optical model 
1916-C meter with an 818P-020-12 high power detector. The intensity spectrum of the 
light source (GE, Starcoat T5 EcoLux High Efficiency & High Output Bulbs, 46705, 3500 
K operating temperature) is provided by the manufacturer in their specification sheet.44 
2.2.4 Materials Characterization 
X-ray diffraction (XRD) was carried out using a Rigaku R-Axis Spider X-Ray 
Diffractometer with an image plate detector and Cu Kα radiation source (λ = 0.154 nm). 
Samples were probed directly on prepared glass substrates using a flat substrate holder. 
Scans were performed for 10 min at 5°/s sample rotation under 40 kV and 40 mA radiation. 
X-ray photoelectron spectroscopy (XPS) samples were prepared by depositing 
perovskite films onto a treated fluorinated tin oxide (FTO) glass substrate. The samples 
were loaded onto the sample holder with copper tape and grounded with conductive carbon 
tape to minimize charging of the film. Samples were exposed to ultrahigh vacuum for less 
than 5 h before spectra were taken to eliminate off-gassing of volatile methylamine 
moieties. XPS spectra were obtained with a Kratos photoelectron spectrophotometer using 
a monochromatic Al Kα X-ray source and a 180° hemispherical analyzer. The spectra were 
processed with CasaXPS software. Charging was corrected by shifting the spectra such 
that the C 1s peaks are at the expected binding energy of adventitious carbon (284.8 eV). 
Peak fitting was performed using a Shirley background subtraction and the Gaussian–
Lorentzian profile. For composition estimates, each fit peak was integrated and divided by 
the corresponding relative sensitivity factor in the Kratos library. 
Scanning electron microscopy (SEM) images were acquired with a Hitachi S550 
SEM/STEM operated at 20 keV in SEM mode. Samples were imaged on FTO glass slides, 
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prepared as described above. Charging was minimized by grounding the sample with 
conductive carbon tape. 
UV–vis–NIR absorptance and absorbance spectroscopy was performed on 
perovskite films on glass substrates in an Agilent Cary 5000 UV–vis–NIR 
spectrophotometer. Absorptance was measured by placing samples in an Agilent Diffuse 
Reflectance Accessory (DRA)-2500 series with a PbS NIR detector and a R928 
photomultiplier tube for visible range detection. Spectra were collected in transflectance 
mode using a center mount holder. Baselines were taken by placing a piece of cleaned glass 
in the center mount for the 100% T baseline and by blocking the beam at the transmission 
port of the DRA with aluminum foil for the 0% T baseline. The absorptance, A, is related 
to the reflectance, R, and the transmittance T, of the film: A = 1 – R – T. The absorptance, 
A, is related to the absorbance A, of the sample as 𝐴 = 1 − 10−𝒜.45 
 
2.3 RESULTS AND DISCUSSION 
2.3.1 Film Characterization 
MAPI and MAP(Bi)I films were deposited as described. The MAPI and MAP(Bi)I 
films have similar appearance, as observed in the photograph in the inset of Figure 2.1a, 
and absorbance features consistent with literature as seen in Figure 2.1a. Specifically, 
MAPI exhibits an absorption edge at 800 nm (1.5 eV) and absorption plateaus at 580 and 
745 nm.10 The MAP(Bi)I film also exhibits two absorption plateaus near 580 and 745 nm, 
with a slightly red-shifted absorption edge. A similar red shift has been reported in previous 
studies on hybrid organic–inorganic perovskites doped with Bi3+ and has been attributed 
to the introduction of shallow trap states that increase the density of optically active traps 
states in the Urbach tail of the thin film.46−51 The films in Figure 2.1a have similar 
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thickness, indicating that the absorption coefficients of the MAPI and MAP(Bi)I are 
similar, consistent with the expected nature of bismuth doping in hybrid organic–inorganic 
perovskites.46−51 
X-ray diffraction (XRD) data in Figure 2.1b show that the MAPI and MAP(Bi)I 
films have tetragonal perovskite crystal structure, which is the expected room-temperature 
phase of MAPI.10,29,46 There are no additional crystalline phases in either MAPI or 
MAP(Bi)I films, and the diffraction patterns have similar peak positions, consistent with 
other reports of aliovalent doping with Bi46,49,52,53 and other B-site substitutions.32,54,55 X-
ray photoelectron spectroscopy (XPS) also confirmed the presence of Bi in the MAP(Bi)I 
films. Figure 2.1c shows XPS from the Bi 4f7/2 spectral region. These peaks with binding 
energies between 157 and 161 eV indicate that Bi has a +3 oxidation state,56 and the Bi 4f 





Figure 2.1: (A) UV–vis-NIR absorptance spectra of CH3NH3Pb0.96Bi0.04I3 and 
CH3NH3PbI3 films. Inset: photographs of MAPI (left) and MAP(Bi)I (right) 
films on APTES-coated glass. (B) XRD of CH3NH3Pb0.96Bi0.04I3 (MAP(Bi)I) 
and CH3NH3PbI3 (MAPI) films alongside reference patterns taken from the 
Crystallography Open Database (COD) for tetragonal and cubic phase MAPI 
films (COD #4124388 and #4335634, respectively), showing that both films 
are single-phase tetragonal MAPI films with no noticeable peak shifts or 
secondary phases upon bismuth incorporation. (C) XPS spectrum in the Bi 4f 
region for CH3NH3Pb0.96Bi0.04I3, with peak positions of the fitted Gaussian–
Lorentzian function labeled. Data are represented by the hollow points and 
fitted Gaussian–Lorentzian cures by lines. These peaks are characteristic of 
Bi in the 3+ oxidation state, and peak integration/comparison with the Pb 4f 
region gives a Bi/Pb molar ratio of 0.04:1. (D) Tetragonal crystal structure of 
methylammonium lead iodide and projections of MAPI viewed down the (E) 
⟨001⟩ and (F) ⟨100⟩ directions. Methylammonium atoms are shown by large 
green circles, iodide ions are moderately sized purple circles, and lead ions 
are small orange circles. 
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2.3.2 Humidity Stability Behavior 
The stability of MAPI and MAP(Bi)I films in the presence of humidity was tested 
in by monitoring UV-Vis-NIR absorbance spectra over time while aging in a humidity 
chamber. Figures 2.2 and 2.3 show photographs and optical absorptance spectra of MAPI 
and MAP(Bi)I films exposed to air for several days at 90 and 60% RH. Degraded MAPI 
films look yellow, with absorptance that decreases between 525 and 800 nm.8,10 This is 
consistent with the band gaps of MAPI and its degradation byproducts. MAPI has an 
absorption onset at 1.55 eV (800 nm),10 whereas PbI2 and MAPI monohydrate, the solid 
degradation byproducts of MAPI, have absorption edges at 2.3 eV (540 nm) and 3.1 eV 
(400 nm), respectively.8,10,12,57 Figures 2.2D,E and 2.3D,E show the absorptance spectra of 
MAPI and MAP(Bi)I films changing over time when exposed to air at 90 and 60% RH. 
The MAPI film becomes completely transparent between 525 and 800 nm after only 1 day 
of exposure to air at 90% RH. MAPI is significantly more stable in 60% RH, and it takes 
about 12 days for the film to become transparent in this optical window. At high humidity 
(90% RH), the MAP(Bi)I film is significantly more stable than the MAPI film, and it takes 
3 days for the film to go clear. In contrast, the MAP(Bi)I film is less stable than the MAPI 
film at lower humidity of 60% RH, changing from the black tetragonal phase to the yellow 
degradation product of PbI2 in only 8 days. Note that these degradation rates are indicative 
of MAPI and MAP(Bi)I films stored under room light, so degradation is slightly 
accelerated relative to other degradation studies.10,58−61 
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Figure 2.2:  (A–C) Photographs of MAPI and MAP(Bi)I films (A) before and (B,C) after 
exposure to 90% RH air under indoor lighting (2 mW/cm2) for (B) 24 h and 
(C) 72 h. (d, e) UV–vis-NIR absorptance spectra of (d) MAPI and (e) 
MAP(Bi)I thin films after exposure to air at 90% RH under controlled indoor 
lighting. (f) Extent of transformation of the (□, ○) MAPI and (■, ●) 
MAP(Bi)I films as a function of exposure time to 90% RH. The solid lines 
are the best fits of Eqn (2.4) to the MAPI (black line) and MAP(Bi)I (red line) 
data, with n = 3.9, k = 1.87 × 10–5 h–3.9 (r2 = 0.88) and n = 4.0, k = 2.17 × 10–





Figure 2.3: (A–C) Photographs of MAPI and MAP(Bi)I films (A) before and (B,C) after 
exposure to air at 60% RH under indoor lighting (2 mW/cm2) for (B) 8 days, 
and (C) 14 days. The top row of films in photographs corresponds to MAPI 
films, whereas the bottom row corresponds to MAP(Bi)I. (D, E) UV–vis-NIR 
absorptance profiles of (D) MAPI and (E) MAP(Bi)I thin films after different 
aging times at 60% RH in indoor lighting. (F) Plot of the extent of 
transformation of the (□, ○) MAPI and (■, ●) MAP(Bi)I films. The solid 
lines are the best fits of eq 4 to the MAPI (black line) and MAP(Bi)I (red line) 
data, with n = 2.3, k = 3.94 × 10–3 day–2.3 (r2 = 0.81) and n = 2.1, k = 2.15 × 
10–2 day–2.1 (r2 = 0.91), respectively. 
The data in Figures 2.2 and 2.3 show that inclusion of bismuth stabilizes MAPI 
under high humidity (90% RH), while resulting in faster degradation at lower humidity 
(60% RH). We analyzed the data using an Avrami equation,62,63 
 ( )nkty −−= exp1   (2.4) 
where k is a rate constant, n is the Avrami exponent, and y is extent of transformation. The 
extent of transformation is calculated from the logarithmic absorptance at 600 nm by y = 
log(1 – 𝐴600𝑛𝑚(𝑡)) / log(1 – 𝐴600𝑛𝑚(0))  . Interestingly, Avrami coefficients n taken 
from fits of the Avrami equation (Eqn 2.4) to the data in Figures 2.2f and 2.3f are constant 
as a function of composition, but not as a function of humidity. At 90% RH, both MAPI 
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and MAP(Bi)I show Avrami coefficients close to 4, indicating that MAPI degradation 
occurs by concurrent nucleation and isotropic growth of domains of degradation product.63 
At lower humidity (60% RH), MAPI and MAP(Bi)I fits show values close to n = 2, 
indicating that the degradation products form anisotropically, perhaps nucleating and 
growing initially along grain boundaries.63 The difference in the values of n is consistent 
with two different degradation pathways for the films at different humidity conditions. The 
values of k for the MAPI and MAP(Bi)I films are also significantly higher under lower 
humidity conditions. The characteristic times for the films to degrade, n k1= , are 16.3 
and 46.3 h at RH = 90% and 11.1 and 6.2 days at RH = 60% for the MAPI and MAP(Bi)I 
films, respectively. To our knowledge, this is the first example of a humidity-specific 
stability enhancement from compositional engineering in HOIP materials. Previously 
observed enhancements in MAPI stability under humidity with various additives have been 
attributed to the formation of a layered perovskite structure29,40 or an improved film 
morphology.32 These effects reduce the penetration of water vapor into the film and provide 
enhanced stability under a wide range of humidity. Since Bi addition only stabilizes MAPI 
at high humidity and actually reduces the stability at lower humidity, it probably does not 
reduce the rate of water vapor penetration into the film, as in these other cases, but provides 
enhanced stability for a different reason. Furthermore, the addition of Bi to the MAPI films 
did not have any obvious effect on the morphology of the film (Figure 2.4).  
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Figure 2.4 SEM images of (A,C) MAPI and (B,D) MAP(Bi)I films.  The images in (A,B) 
are top-down views of the films on glass.  The images in (C,D) are cross 
sections of the films on silicon. The average film thicknesses in (C) and (D) 
are 276 +/- 29 nm and 274 +/- 29 nm, respectively. No noticeable change in 







2.3.3 Probing Degradation Mechanism 
The degradation of MAPI under humid conditions begins by hydration to 
CH3NH3PbI3·H2O as seen in Eqn 2.1. Above ∼80% RH, this monohydrate species is stable 
and can be detected spectroscopically.10−13,64 At lower humidity, it spontaneously 
decomposes, either (1) reverting back to CH3NH3PbI3 and water vapor (reversion to 
pristine tetragonal MAPI phase) or (2) decomposing further to a dihydrate and PbI2, with 
the dihydrate decomposing rapidly soonafter.8,10,12,13 The absorptance spectra of degraded 
MAPI and MAP(Bi)I films in Figure 2.5A and 2.5B all have an absorption onset at 525 nm 
demonstrating the presence of PbI2; however, only films exposed to 90% RH show the 
additional onset of an absorption feature at 430 nm characteristic of MAPI 
monohydrate.12,57 XRD (Figure 2.5C) also shows peaks that correspond to MAPI 
monohydrate. These observations indicate that degradation at 90% RH occurs by the 
reaction pathway shown in eq 1 (monohydrate formation), whereas at 60% RH, the 
degradation pathway follows eq 2 (dihydrate formation). 
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Figure 2.5.  UV–vis-NIR absorptance spectroscopy of (A) MAPI and (B) MAP(Bi)I films 
after exposure to 60% RH for 14 and 12 days, respectively, and 90% RH for 
36 h and 3 days, respectively. (C) XRD of the degradation products of MAPI 
and MAP(Bi)I films exposed to 90% RH. Reference patterns for tetragonal 
MAPI (COD #4124388), PbI2 (COD #1010062), and MAPI monohydrate 
(COD #7117405) are provided for comparison. 
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To determine the reversibility of the MAPI and MAP(Bi)I degradation reaction and 
gain insight about the role of Bi in stabilizing the films at high humidity, films were 
degraded to their clear state by exposure to 90% RH and then heated at 100 °C in air at 
50% RH for 2 min. This dehydration step forces the monohydrate to either (I) regenerate 
the dark state or (II) further decompose into dihydrate to MAPI and PbI2, as in Eqn. 2.2. 
The amount PbI2 generated relative to the amount of MAPI regenerated in the dehydration 
step provides a signature of the relative rate of the reaction in eq 2 for the MAPI and 
MAP(Bi)I films.64 This is determined from the ratio of the absorptance of the film before 
exposure to humidity A0(λ), after exposure Aaged(λ), and after dehydration Adehyd(λ) 
 
 ( )
( ) ( )









=   (2.5) 
Higher values of θ(λ) between 525 and 800 nm indicate a higher degree of reversion 
to tetragonal perovskite, and a sharper increase of θ(λ) at the lead iodide absorbance edge 
at 525 nm indicates that more PbI2 has formed. Figures 2.6A and 2.6B show the 
absorptance spectra of the MAPI and MAP(Bi)I films, and Figure 2.6C shows the 
corresponding values of θ(λ). The MAP(Bi)I films demonstrate more PbI2 generation 
during dehydration than the MAPI films. The XRD of the MAPI and MAP(Bi)I films after 
the heating step, shown in Figure 2.6D, also show that more PbI2 has formed in the film 
with Bi. This indicates that the rate of reaction for Eqn 2.2 is faster when Bi is present in 
the film. It also explains why MAP(Bi)I is less stable than MAPI when exposed to lower 
humidity conditions, even though the rate of the reaction in Eqn 2.1 is reduced with 
addition of Bi. 
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Figure 2.6.  UV–vis-NIR absorptance spectra of (A) MAPI and (B) MAP(Bi)I films on 
glass after 1 cycle of degradation at 90% RH, followed by dehydration with 
heating at 100 °C in 50% RH air for 2 min. (C) Ratios of the absorptance of 
MAPI and MAP(Bi)I films before and after exposure to humidity and 
dehydration θ(λ), calculated using Eqn. 2.5. (D) XRD of MAPI and MAP(Bi)I 
films after degrading the MAPI and MAP(Bi)I films to the clear state with 
exposure to 90% RH air and then dehydration by heating at 100 °C in 50% 
RH air for 2 min. Peaks matching tetragonal phase of MAPI (COD #4124388) 
are designated with vertical gray lines, whereas dashed yellow lines designate 




In conclusion, the incorporation of Bi into MAPI slows the degradation of the film 
at high humidity (90% RH). At lower humidity (60% RH), the added Bi enhances the rate 
of degradation of the film. This is the result of two different degradation pathways, which 
are either slowed (i.e., Eqn 1) or enhanced (i.e., Eqn 2) by the addition of Bi. These results 
show that partial substitution of Pb in HOIPs may be an effective way to improve stability 
under humidity; however, more generally, they show that the compositional engineering 
of HOIPs may lead to differences in stabilization or destabilization that depend on the 
actual environmental conditions, and film stability should be tested over a range of 
environmental conditions to determine the overall effect of the additive on the stability of 
the material. 
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HUMIDITY-INDUCED TRANSITIONS IN HOIPS AND RELATED 
METAL HALIDES 
Chapter 3: Deliquescent Chromism in Nickel (II) Iodide Thin Films† 
3.1 INTRODUCTION 
Color-changing materials are used in a variety of applications, ranging from 
sensors1 to dynamic window coatings2,3 to photovoltaic windows.4−6 These materials can 
change color in response to shifts in temperature, applied voltage, or chemical 
environment. Nickel compounds, especially organometallic Ni(II) halides, have been 
widely studied in this context because of their propensity to change color when halide 
ligands are exchanged or undergo structural rearragnement.7−16 Several patents have 
mentioned ligand exchange of nickel complexes as a useful strategy to create glass that 
exhibits color neutral switching between transparent and dark states with uniform light 
absorption across the visible spectrum, commonly known as color neutrality.9,17,18 Color 
neutral transitions are especially desirable to minimize distortions in the appearance of 
objects viewed through tinted window glass.9,18−20 Color neutrality has traditionally been 
achieved by layering different thermochromic materials,9,18 or by using materials that 
undergo insulator–metal transitions to switch between transparent and mirror states.20,21 
Here, we report a new color neutral deliquescent chromism in thin films of nickel(II) iodide 
(NiI2) that does not occur for bulk NiI2 powders. When exposed to humidity, the thin films 
rapidly take up water and transition to an amorphous, optically transparent state that can 
be reversibly switched back to the dark crystalline state with mild heating. A transitory, 
intermediate solid NiI2-hydrate phase is also observed, which is most likely the 
pentahydrate or hexadydrate phases known to occur in the bulk. 
                                                 
†
Reprinted with permission from Siegler, T.D., Reimnitz, L.C., Suri, M., Cho, S.H., Bergerud, A.J., Abney, 
M. K., Milliron, D.J., Korgel, B.A.* (2019) “Deliquescent Chromism of Nickel (II) Iodide Thin Films”. 
Langmuir. 35 (6): https://pubs.acs.org/articlesonrequest/AOR-FzfJiAVZAVKaYhB8v9ft. Copyright 2019 
American Chemical Society. TDS conceived all experiments and carried out static UV Vis and 
characterization in full; and SEM, FTIR and TFA in part. TDS also analyzed data and wrote the manuscript. 
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3.2 EXPERIMENTAL DETAILS 
3.2.1 Materials 
Nickel(II) iodide (NiI2, 99.5%, VWR), anhydrous dimethylformamide 
(HCON(CH3)2, DMF, 99.8%, Sigma), anhydrous dimethyl sulfoxide ((CH3)2SO, 99.9%, 
Sigma), and (3-aminopropyl)triethyoxysilane (H2N(CH2)3Si(OC2H5)3, >98%, Sigma) were 
purchased and used as received. 
3.2.2 Preparation of Silane Coated Glass Substrates 
Glass slides were sonicated in ethanol for 30 min. The slides were then immersed 
into a solution of (3-aminopropyl)triethoxysilane (APTES) in ethanol with a volumetric 
ratio of ethanol:APTES of 9. A drop of water was added to the ethanol/APTES solution to 
catalyze APTES grafting to the glass substrate. After 5 min, glass substrates were rinsed 
with isopropanol (IPA) and then heated at 100 °C in ambient air for 10 min.22 
3.2.3 Preparation of Nickel (II) Iodide Thin Films 
Nickel(II) iodide thin films were deposited on APTES-treated glass substrates by 
spin coating a solution of 1 mmol (313 mg) NiI2 in 200 μL of DMSO and 800 μL of DMF. 
This solution is prepared by heating for 2 h at 125 °C. If this solution cools to room 
temperature, it changes color from brown to green and forms a viscous gel; therefore, the 
solution temperature is maintained at 125 °C by stirring on a hot plate throughout the 
deposition. 50 μL of solution was pipetted directly from the heated solution on the hot plate 
and deposited onto the substrate by dynamically spin coating at 5000 rpm for 30 s in a 
nitrogen-filled glovebox. After deposition, the film was heated at 150 °C for 48 h to remove 
DMSO from the film and eliminate any possibility of ligand–metal chromism. The 
thickness of films spin-coated at 5000 rpm was around 600 nm. Films that were 900 nm or 
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15 μm thick were deposited by spin coating at lower speeds of 1000 and 100 rpm, 
respectively. Films with 140 μm thickness were deposited by drop casting 150 μL of 
solution onto glass substrates heated to 150 °C. 
3.2.4 Optical Switching 
UV-vis-NIR transmittance spectra were obtained using an ASD LabSpec 4 
Standard-Res UV-vis-NIR spectrophotometer with a Linkam LTS420 heating stage 
equipped with the LNP95 cooling system and Linksys 32 software (Linkam Scientific) to 
control the film temperature. Stepped temperature profiles were generated using a heating 
rate of 10 °C/min between steps, and holding the temperature at each step for 10 min before 
acquiring spectra. Experiments with continuous ramping of the temperature were 
performed with rates of 0.25, 1, or 10 °C/min. 
The experiments examining the optical switching of the NiI2 films by thermal 
cycling all began with a film in the dark state and exposure to air at 50% RH (relative 
humidity). Before cycling, initially dark NiI2 films were taken out of the glovebox, 
transferred to the heating stage and heated at 100 °C for 1 h to drive off any water vapor 
the film may have taken up during the transfer. The reversibility of the color change was 
tested by exposing the initially dark NiI2 film to 50% RH air at 20 °C for 15 min to obtain 
the clear state. This film was then heated to 80 °C for 15 min, causing the film to become 
dark again. This cycle was repeated 10 times 
3.2.5 Materials Characterization 
Powder X-ray diffraction (XRD) was performed with a Rigaku R-Axis Spider X-
ray diffractometer using an image plate detector and Cu Kα radiation (λ = 1.54 nm). XRD 
samples were transferred to a Hampton Research Mounted CryoLoop mount by scraping 
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material from a film. XRD data were acquired for 10 min with 5 deg/s sample rotation 
under 40 kV and 40 mA radiation. 
Fourier transform infrared (FTIR) spectra were measured using a Bruker Vertex 70 
FTIR spectrophotometer. Nickel iodide films were spin coated onto silicon substrates and 
placed in an airtight Buck Scientific Circular Aperture Cell Mount 6500 S liquid FTIR cell 
with a CaF2 window. Dark and clear films were sealed into the cell mount in a nitrogen 
glovebox or in 50% RH air, respectively. 
Scanning electron microscopy (SEM) was performed using a Quanta 650 SEM 
operated at 30 kV. To minimize exposure to air, the cross-sectioned films were loaded into 
the SEM using a Quorum Technologies Cryo-SEM Preparation System (model 
PP2000TR/FEI). All reported film thicknesses were determined from SEM images of 
cross-sectioned films. 
Optical microscopy images were obtained with the optical microscope attachment 
on a Horiba LabRAM HR Evolution Raman microscope using a 10× zoom lens. Film 
temperatures were controlled with a Linkam LTS420 stage equipped with the LNP95 
cooling system. 
Thermogravimetric analysis (TGA) was performed with a Mettler Toledo TGA 2. 
For TGA, the nickel iodide films were spin-coated at 5000 rpm onto the flat surfaces of a 
40 μL Mettler Toledo aluminum crucible standard lid. 
The amount of water absorbed by the film when switching between dark and clear 
states was determined secondarily using a Mettler Toledo XSE205 DualRange balance. 
Films in the dark state were weighed immediately after preparation in a nitrogen-filled 
glovebox with less than 15 s of air exposure. The weight of the clear state films was then 
measured after the weight stabilized under exposure to ambient air at room temperature 
and 50% RH. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Optical Modulation of Nickel Iodide Films 
Figure 3.1 shows a thin film of NiI2 on glass reversibly switched between a color 
neutral dark state and an optically transparent state. The initially dark film shown in Figure 
3.1A was stable in dry air until exposed to air with >30% RH (50% RH in all experiments 
in this report) for 5 min, at which point it turned to the clear film shown in the photograph 
in Figure 3.1B. The film was then heated at 100 °C for 5 s, and it reverted back to the dark 
state shown in Figure 3.1C. As shown in the UV-vis-NIR transmittance spectra in Figure 
3.2A, the clear state of the NiI2 film exhibits 90% optical transmittance between 350 and 
2250 nm; whereas the dark state has less than 10% optical transmittance through the visible 
spectrum, with a gradually increasing transmittance through the near IR spectrum up to 
2250 nm. Figure 3.2C shows an SEM image of a typical NiI2 film without any exposure to 




Figure 3.1: Thin film of NiI2 (thickness 625 ± 125 nm) on glass cycled between its (A,C) 
dark and (B) clear states. The film is shown (A) immediately after spin coating 
and annealing, (B) after 5 min of exposure to air (∼50% RH, 20 °C), and (C) 
after it had been heated at 100 °C for 10 s. (See the Supplementary Files for 
accompanying videos.) 
Figure 3.2B shows XRD patterns from a film in its dark and clear states. Powder 
XRD shows the dark state is composed of crystalline, rhombohedral NiI2 with a trace 
amount of hexagonal NiI2·6H2O, while the XRD pattern of the clear film is featureless. We 
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attribute the trace amount of hexagonal NiI2·6H2O observed in the dark state XRD pattern 
in Figure 3.2B to brief air exposure during the sample preparation. NiI2 is known to be 
hygroscopic, and in its bulk form, exposure to humidity changes the material from the black 
rhombohedral phase to crystalline penta- or hexahydrate, which has a green color.23−25 
XRD of the clear film does not show any evidence of hexagonal NiI2·6H2O or any other 
crystalline hydrate phase. 
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Figure 3.2: (A) UV-vis-NIR transmittance spectra and (B) XRD of an NiI2 film on glass 
in its optically clear and dark states. The diffraction peaks in the dark film 
correspond to rhombohedral NiI2 (PDF #00-020-0785) and trace hexagonal 
NiI2·6H2O (marked by *, PDF #00-016-0565). (C) SEM image of a cross 
sectioned NiI2 film on glass in the dark state without exposure to air. The film 
is 625 ± 125 nm thick. 
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3.3.2 Characterization of Clear and Dark States 
FTIR spectra were measured to determine if the clear film presented any evidence 
that the color change was due to ligand exchange or rearrangement. The FTIR spectrum of 
the dark film in Figure 3.3A is featureless. There is no residual DMF or DMSO in the film 
that could possibly give rise to a nickel-ligand rearrangement or a change in d-splitting of 
nickel due to change in coordination geometry.10,26−28 The FTIR spectrum of the clear film 
in Figure 3.3B exhibits two strong absorption bands at 3460 and 1610 cm–1. Although these 
could come from nickel iodide hexahydrate;24 these bands also correspond to the stretching 
and bending region of condensed water.29−32 Since there is no evidence of NiI2·6H2O by 
XRD (Figure 3.2B), we conclude these bands arise from condensed water. TGA (Figure 
3.3D) also indicates a significant amount of water in the clear film, with a H2O:NiI2 molar 
ratio of at least 10, corresponding to a dissolved nickel iodide concentration of ∼5.5 M. 
The FTIR spectra also reveal that there is an “intermediate” state occurring as the 
film switches between dark and clear states. As shown in Figure 3.3C, this intermediate 
state of the film exhibits the water bending mode at 1610 cm–1, similar to the spectra in 
Figure 3.3B for the clear film, but with an additional splitting of the stretching mode ν1 into 
two peaks at 3460 and 3330 cm–1. The additional ν1 peak at 3330 cm
–1 corresponds to water 
with a lower degree of vibrational freedom and stronger hydrogen bonding.33 These data 
indicate that this intermediate solid is a hydrate phase of nickel iodide with a lower 
hydration state than the clear liquid. Possibly, this intermediate is the penta- or hexahydrate 
phase of nickel(II) iodide. The intermediate phase is also observed during switching in 





Figure 3.3:  FTIR spectra for a thin film of NiI2 in (A) the dark state, (B) the clear state, 
and (C) 30 s after removal from an inert atmosphere (i.e., an intermediate 
state). The FTIR on the clear state shows water is present in the clear film, 
with a characteristic stretching mode ν1 peak at 3420 cm
–1 and a characteristic 
bending mode peak ν2 at 1615 cm
–1. FTIR on the intermediate state shows 
two condensed O–H ν1 stretching modes. Transmissions greater than one in 
FTIR spectra are due to reduced reflection of the silicon substrate once the 
thin film is deposited. (D) TGA of a clear hydrated NiI2 thin film. Note that 
some weight loss has occurred during sample loading into the TGA and 
purging with dry nitrogen prior to beginning the measurement. The initial 
mass measured in ambient conditions with a benchtop balance is shown here 
as a solid black square at time 0. From this, we calculate a H2O/NiI2 molar 
ratio of 9.7 ± 0.6. 
Figure 3.4A and 3.4B shows optical microscopy images of a NiI2 film as it is 
switched between dark and clear states. When the dark film (Figure 3.4A) is cooled, a 
transparent solid forms (Figure 3.4C,D) before the film finally turns clear (Figure 3.4D,E). 
This transparent solid material is the intermediate phase formed during switching. When 
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the clear film is heated (Figure 3.4G), the clear solid material again appears (Figure 
3.4G,H) before the entire film transitions to the solid dark state material (Figure 3.4I,J). 
 
 
Figure 3.4: Optical microscope images of a nickel iodide film on glass as it is (A–E) 
cooled, as indicated by blue arrows and subsequently (F–J) heated, indicated 
by red arrows. Optical microscopy shows the coexistence of (D–G) a clear 
liquid and (C,D,G,H) clear solid phase during the clear-to-dark transition to 
(A,B,I,J) the dark solid phase, and that these transitions happen in a 
nucleation-and-growth mechanism. 
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The intermediate is also observed as a step in the optical transmittance when the 
NiI2 film is heated and cooled, as shown in Figure 3.5. Optical switching of the film occurs 
at 35 to 50 °C when heated and then at 30 to 35 °C when cooled. The observed hysteresis 
indicates that the transition temperatures are influenced by the kinetics of the transition. 
For example, the transition temperatures observed from the in-situ transmittance spectra in 
Figure 3.5 are lower than those observed in the optical microscopy experiments in Figure 




Figure 3.5:  In situ UV-vis-NIR transmittance spectra of clear state films heated to 
different temperatures via a 10 °C/min ramp and 10 min hold in ambient air 
(50% RH). Spectra show a broad clear-to-dark transition centered around ∼40 
°C. (B) Temperature-dependent spectra of the dark-to-clear transition cooled 
using the same procedure as (A), showing a sharper transition centered around 
∼30 °C. In plots (A) and (B), different colored lines correspond to different 
temperatures: 20 °C is represented by a black line, 25 °C by purple, 30 °C by 
blue, 40 °C by green, 50 °C by yellow, 55 °C by orange, and 60 °C by red. 
(C) Transmittance of the film at 600 nm plotted versus temperature. This 
transition exhibits a temperature hysteresis of ∼10 °C at 50% RH. 
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3.3.3 Effect of Heating Rate and Film Thickness 
The rate dependence of the optical switching was further tested by measuring the 
transmittance of the film with various heating rates. Figure 3.6A–C shows the 
transmittance of NiI2 films heated and cooled at three different rates: 10, 1, and 0.25 
°C/min. The transmittance of the intermediate state and the amount of hysteresis is seen to 
depend on the heating rate, with faster rates increasing the transition temperature during 
heating and lowering the transition temperature during cooling. When heated at 1 °C/min 
or slower, the films exhibit identical temperature-dependent changes in transmittance, 
similar to those shown in Figure 3.5. 
 
Figure 3.6.  (A–C) Optical transmittance at 600 nm for NiI2 films (625 ± 125 nm thick) 
heated (red) and then cooled (blue) in 50% RH air at various heating and 
cooling rates: (A) 10 °C/min, (B) 1 °C/min, and (C) 0.25 °C/min. At high 
ramp rates as in (A), the transition hysteresis widens. (D–F) Optical 
transmittance at 600 nm as a function of temperature for (D) 930 ± 80 nm, (E) 
15 ± 5 μm, and (F) 140 ± 40 μm thick films. Cross-sectional images of films 
are shown in Figure 3.7. Above 1 μm in film thickness, the optical transition 
disappears. 
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Figure 3.6D–F shows transmittance of NiI2 films with varying thickness heated at 
1 °C/min. The 930 nm thick film exhibits a similar optical behavior as the thinner 625 nm 
films, but the transmittance of the intermediate state is significantly lower. Much thicker 
films, with thickness of 15 μm or more, did not exhibit the dark-to-clear optical transition. 
(See the Figure 3.7 for SEM images of the cross-sectioned films.) While these films did 
not exhibit a change in optical transmittance, they still showed deliquescence, turning into 
a black sludge upon exposure to 50% RH air. 
 
 
Figure 3.7.  SEM images of cross-sectioned NiI2 films with thicknesses of (a) 930 + 80 
nm, (b) 15 + 5 μm, and (c) 140 + 40 μm. The reported thicknesses were 
determined by averaging 100 discrete points along the film for each sample. 
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3.3.4 Cycling Stability 
We also tested the reversibility of the optical transition of the NiI2 films. Figure 3.8 
shows UV-vis-NIR transmittance spectra for an initially dark NiI2 film exposed to air at 20 
°C for 15 min, heated to 80 °C at 10 °C/min, and then held at 80 °C for 15 min. The 
transparency of the dark state of the film increases over the course of the first three to four 
cycles, with a slight decrease in transparency in subsequent cycles. This initial loss of dark 
state optical density most likely results from poor adhesion of the wet film to the substrate. 
To improve adhesion of the films to glass substrates, they were treated with APTES to 
improve the wettability of the polar solvents used in the spin coating procedure (DMF and 
DMSO); however, even with the polar APTES coating, the contact angle of water with the 
substrate remains as high as 58°, which is problematic for aqueous clear state films.34 The 
hydrated, clear NiI2 films often dewetted and moved off the substrate during the thermal 
cycling experiments. This also explains the observed increase in transmittance of the clear 
state with each cycle. As shown in Figure 3.8D, the optical transitions of the film stabilize 
after five cycles, and the change in transmission between clear and dark states never drops 
below 90% of its initial value. 
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Figure 3.8.  UV-vis-NIR transmittance spectra of a 550 nm thick film of NiI2 undergoing 
thermal cycling from 20 to 80 °C in air at RH 50% over (A) cycles 1–5 and 
(B) cycles 6–10. Absorbance spectra are shown for both the clear state at 20 
°C and the dark state at 80 °C. The green dashed line is the initial absorbance 
of the film. (C) Transmittance at 600 nm of the film in the dark and clear 
states. (D) Change in transmittance between light and dark states at 600 nm 
normalized to the first cycle. 
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3.4 CONCLUSION 
Thin films of NiI2 exhibit reversible, deliquescent chromism that does not occur in 
the bulk material. When exposed to humidity, the dark brown crystalline NiI2 film absorbs 
water and becomes transparent. This deliquescence is reversible: the film turns back to the 
dark crystalline NiI2 state when heated to drive off the moisture. The transition involves a 
solid intermediate species, most likely one of the known solid pentahydrate or hexahydrate 
phases of NiI2. The transition is different than the known nickel halide chromism due to d–
d transitions in nickel metal centers of organometallic complexes.10,26,35,36 The optically 
clear hydrated state of nickel(II) iodide has a H2O:NiI2 molar ratio of at least 10, which has 
not previously been reported. The kinetics of this optical transition depend on the humidity 
of the environment and the film thickness. With further research, this deliquescent 
chromism of NiI2 thin films may find use in color-changing devices, such as smart 
windows, thermal sensors, or thermochromic inks.20,21 
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PEROVSKITE-CDTE TANDEM PHOTOVOLTAICS 
Chapter 4: Development of Wide Band Gap APbBr3 Perovskites for 
Next-Generation Tandem Solar Cells† 
4.1 INTRODUCTION 
A photovoltaic (PV) solar cell is a solid-state semiconductor device that converts 
sunlight directly to electricity without generating emissions.1 PV devices represent an 
important renewable energy resource that is helping to address the global challenge of 
energy sustainability. One of the biggest successes in the PV industry in recent years is that 
utility-scale PV has achieved cost-competitiveness with fossil fuels without subsidy in 
certain situations (<US$ 0.04–0.05/kWh).2 This has driven significant demand for solar; 
for example, the US installed a record 14.7 GW in 2016, nearly double the installed 
capacity of 2015.3 In 2016, the PV market broke several volume records with continued 
global expansion, bringing the market to 75 GW.4 However, in the longer term, more 
significant technology improvements must be made to maintain the ongoing trend in solar 
cell cost reductions and increased adoption. As we approach the Shockley-Queisser limit-
the thermodynamic limit for a traditional PV- these continued efficiency improvements 
will begin to be more challenging and require creative strategies to implement. The 
simplest way to overcome this limit is through the development of tandem or multijunction 
solar cells that combine multiple light absorbers with different bandgap energy.5-7  
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Current commercial tandem PV products are plagued by high cost or low 
efficiency, which limit their commercial application. Therefore, there has been an active 
search to develop a next-generation, low-cost thin film tandem solar cell technology that 
can yield the high efficiencies needed to continue long-term price reductions of solar 
power. This has accelerated interest in tandem cells made up of subcells employing thin 
film PV technologies. 
At the moment, the most commercially successful thin film solar cell technology is 
CdTe. Although Si dominates the solar cell market, CdTe PVs are less expensive to 
fabricate, having consistently demonstrated the lowest cost for utility-scale power 
production8,9 and lower energy manufacturing and payback time compared to silicon and 
CIGS technology.10,11 For this reason, tandem solar cells based on CdTe have been widely 
discussed in the literature, predominantly in conjunction with either silicon or copper 
indium gallium selenide (CIGS).5,12 However, the band gap of high efficiency CIGS 
devices and CdTe are too similar for tandem cells to dramatically improve PCE. To 
overcome this, other semiconductor materials have been proposed for tandem devices with 
CdTe, such as wide bandgap CdMgTe and CdZnTe,13 or lower bandgap HgCdTe.14 
However, the high processing temperatures of these materials can damage underlying 
CdTe layers or be damaged by the CdTe deposition process when paired in a tandem 
configuration.14  
Hybrid organic-inorganic perovskites, because of their lower processing 
temperature and high efficiencies, offer an interesting possibility for a thin film tandem 
cell configuration with CdTe. Solar cells based on hybrid organic-inorganic perovskites 
(HOIPs) have achieved power conversion efficiencies in excess of 24% 
(www.nrel.gov/pv/cell-efficiency). Additionally, HOIPs have readily tunable band gaps, 
which have made HOIPs attractive candidates for tandem PVs with a variety of different 
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materials.15-17 Tandem PVs have been made with HOIPs coupled to silicon,6,18-53 
CIGS,22,54-66 CZTS,67 organic,68 polymer,69,70 DSSC,71 quantum dot,72,73 and other HOIP 
PVs.74-84 Perhaps surprisingly, there has been little discussion about coupling HOIPs in 
tandem with CdTe PV technology, in spite of verified 22% PCE CdTe devices7 and 
commercial success of CdTe module manufacturers. Furthermore, with an effective top 
absorber layer, CdTe is theoretically predicted to make efficient triple junction solar cells 
when coupled with silicon or germanium.85 Finally, CdTe-HOIP tandems offer the 
potential for low cost manufacturing. For example, a recent technoeconomic study12 
showed that CdTe-CIGS tandems could achieve levelized cost of electricity (LCOE) as 
low as US$ 0.095/kWhr for residential solar and US$ 0.04/kWh for utility scale solar. 
Here, we address the challenges that may be hindering the development of 
perovskite-CdTe tandem PVs and outline the prospects for this architecture going forward. 
We fabricate PVs from wide bandgap CH3NH3PbBr3 (MAPBr) and demonstrate that these 
materials can provide reasonable efficiency as a top absorber layer, but that they also have 
high optical haze, which limits the light absorption by the CdTe layer and the performance 
of the perovskite-CdTe tandem cell. We use the Solar Cell Capacitance Simulator (SCAPS) 
software package to simulate a four-terminal (4T) tandem MAPBr-CdTe architecture to 
determine how much haze could be tolerated in the perovskite layer in such a device to still 
achieve an enhancement in device efficiency over the single-junction CdTe cell. Finally, 
we extend this simulation to other bottom cell materials, calculating the degree of optical 
opacity that can be tolerated in MAPBr for a variety of different MAPBr tandem 
architectures. 
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4.2 EXPERIMENTAL DETAILS 
4.2.1 Materials 
Dimethylformamide (99.8% anhydrous), dimethylsulfoxide (≥99.9% anhydrous), 
zinc purum powder (99%), titanium diisopropoxide bis-acetylacetonate (75% in 
isopropanol), 1-butanol (99.8% anhydrous), titanium tetrachloride (99.9%), chlorobenzene 
(99.8% anhydrous), lithium bistrifluoromethanesulfonimidate (99.95%), acetonitrile 
(99.8% anhydrous), and 4-tert-butylpyridine (96%) were purchased from Sigma-Aldrich. 
Ethanol (200 proof, ≥99.5%) and reagent-grade hydrochloric acid (37%) were purchased 
from Fisher Chemical. Lead bromide (PbBr2) was purchased from Alfa Aesar (Ultradry, 
99.999%). Methylammonium bromide (CH3NH3Br, MABr) and 30 NR-D Nanoparticulate 
Titanium Dioxide paste were purchased from Greatcell Solar. Spiro-OMeTAD 
(N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-
2,2′,7,7′-tetramine) was purchased from Merck. Tin-doped indium oxide (ITO) sputter 
targets were purchased from Kurt J. Lesker (99.99% In2O3:SnO2 9:1), and glass coated 
with fluorene-doped tin oxide (FTO) was purchased from Hartford Glass Co. 
4.2.2 Fabrication and Processing 
4.2.2.1 TiO2 Substrate Preparation 
FTO substrates (2.5 cm × 2.5 cm) were cleaned with commercial dish soap (Dawn), 
doubly-distilled deionized water (DI-H2O), and ethanol and a 0.8 cm × 2.5 cm area of FTO 
was etched away from the side of the substrate using concentrated HCl and zinc powder. 
The etched FTO glass was thoroughly washed in DI-H2O and ethanol, immediately 
followed by 30 min of bath sonication in ethanol. Following sonication and one hour of 
UV-ozone exposure (Jelight Company Incorporated Model 42 UVO Cleaner), the n-type 
TiO2 contact layers were cast onto the glass substrates. Then, 75 wt% titanium 
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diisopropoxide bis-acetylacetonate in isopropanol (TAA) was diluted to 72.5 μL/mL in 
anhydrous 1-butanol, while 210 g of 30 NR-D nanoparticle TiO2 paste was mixed 3 mL of 
ethanol, forming a 70 mg/mL paste solution. The TAA solution was spin-coated at 700 rpm 
for 10 s, followed by 1000 rpm for 10 s and 2000 rpm for 30 s, and then heated for 10 min 
at 125 °C. Then the TiO2 paste suspension was spin-coated onto the substrate using the 
same procedure as used for the TAA solution and heated for 5 min at 70 °C. Finally, the 
TiO2 films were annealed for 1 h in air at 550 °C, which yields a film of 30 nm of compact 
TiO2 under 150 nm of mesoporous TiO2. The substrates were immersed for 10 min in 
20 mM aqueous TiCl4 at 90 °C and then heated in air at 500 °C for 30 min. 
4.2.2.2 CH3NH3PbBr3 (MAPBr) Deposition 
Methylammonium lead bromide (CH3NH3PbBr3; MAPBr) films were deposited in 
a nitrogen glove box (<5 ppm O2, H2O) following published procedures.
86 In a vial, 459 mg 
of PbBr2 and 124 mg of CH3NH3Br were dissolved in 0.8 mL of DMF and 0.2 mL of 
DMSO for 2 h at room temperature, yielding a solution of 1.25 M PbBr2 and 1.11 M 
CH3NH3Br in 4:1 v/v DMF:DMSO. Then, 50 μL of the solution was dropped onto the 
6.5 cm2 TiO2-coated substrate as a thin layer and then spun at 1000 rpm for 10 s followed 
by 4000 rpm at 30 s. After 15 s of the second spin coating step, 100 μL of anhydrous 
chlorobenzene was dropped onto the center of the substrate. The substrates were heated in 
the glove box for 1 h at 100 °C. 
4.2.2.3 Solar Cell Fabrication 
Photovoltaic devices (PVs) were fabricated by spin coating spiro-OMeTAD onto 
the MAPBr films. Spiro-OMeTAD was dissolved in 72 mg/mL anhydrous chlorobenzene, 
along with 7.5 μL/mL 4-tert-butylpyridine and 24 μL/mL lithium 
 78 
bistrifluoromethanesulfonimidate (LiTFSI) solution (170 mg LiTFSI salt in 1 mL 
acetonitrile). The spiro-OMeTAD solution was spin-coated onto the MAPBr film at 
5000 rpm for 30 s. The substrate was placed in a desiccator for >12 h and then 100 nm of 
indium-doped tin oxide (ITO) was deposited by rf sputtering.87 
4.2.3 Materials Characterization 
UV–Vis-NIR absorbance and absorptance spectroscopy was performed using an 
Aligent Cary 5000 UV–Vis-NIR spectrophotometer with a PbS near infrared (NIR) 
detector and a photomultiplier tube. Absorptance measurements were collected in an 
Aligent Diffuse Reflectance Accessory DRA-2500 (DRA) using a center mount holder 
attachment with the direct beam aimed at ∼8° relative to the angle of incident light. For 
reflectance and diffuse reflectance measurements, samples were mounted on the black 
cover of a Labsphere URS-99-020 reflectance standard in the reflectance port of the DRA 
with a PbS NIR detector and photomultiplier tube. Diffuse reflectance was collected with 
the light trap that came standard with the DRA-2500 positioned at ∼10° relative to the 
incident beam with the direct reflectance beam aimed at the trap.88 
Differential Image Contrast (DIC) images were acquired using a Leica DM2500 
Compound Light Microscope with polarized plates positioned between the source and 
sample, and between the sample and camera. 
Scanning electron microscopy (SEM) images were acquired with a Hitachi S-5500 
SEM/STEM using an accelerating voltage of 30 kV and an emission current of ∼15 μA in 
SEM mode. For SEM imaging, MAPBr films were prepared following the procedures used 
to fabricate PVs, except that the substrates were cut pieces of a p-type Si wafer with a 
resistivity of 10 Ω cm. The Si wafer was exposed to UV-ozone for 1 h before MAPBr 
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deposition. The substrate was electrically grounded to the SEM mount with carbon tape 
prior to imaging. 
PV device performance was measured using a xenon lamp and a Keithley 2400 
general purpose source meter. Current-voltage (J-V) curves were measured using a 
constant voltage sweep rate of 150 mV/s. There was no voltage or light biasing before 
taking the measurements, or between forward and reverse sweeps. Incident light was 
passed through an AM 1.5 filter and set at one sun intensity (100 mW/cm2) via calibration 
with a Hamamatsu single crystal silicon diode. 
4.2.4 SCAPS Simulations 
The device response of CdTe PVs was simulated using the SCAPS software 
package.89,90 Tables 4.1-4.4 list the parameters used for the calculations. In modeling CdTe 
devices with 15.5% power conversion efficiency (PCE), two types of defect states were 
included: a CdS/CdTe interfacial defect with 1010 cm−2 density (Sn = 10
5) and a bulk CdTe 
defect with 1014 cm−2 density.90 The work function of the back contact was taken to be 
5.4 eV. CdTe devices with 22.05% PCE were simulated by removing these defects and 
increasing the work function of the back contact to 5.6 eV. 
In modeling CIGS devices, two types of defects similar to those used for the 15.5% 
PCE CdTe devices were included. The parameters for the CIGS device simulations were 
taken from the “Numos CIGS baseline.def” file that accompanies the SCAPS software.91a 
Table 4.2 lists the material properties and defect densities used in the simulations. 
For all-perovskite tandem devices, the MAPI device layer was simulated using the 
MAPI model found in SCAPS 3.307 titled “Realistic perfect MAPI cell.def.” These 
parameters are provided in Table 4.3. The modeling of amorphous silicon (a-Si) cells was 
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done following the procedures of Lee et al.92 with the defect concentrations shown in Table 
4.4. Table 4.4 also shows the other bulk material parameters used in the model calculations. 
The device response of the bottom cell in four-terminal (4T) solar cells were 
simulated by filtering the light incident on the bottom cell. The total device response of the 
4T device was then calculated based on the combined device responses of the top and 
bottom cells in the 4T tandem configuration. 
 











Parameter CdTe CdS ZnSnOx 
Thickness (nm) 2500 50 150 
Eg (eV) 1.5 2.4 3.6 
χ (eV) 4.4 4.5 4.4 
𝜀/𝜀0  9.4 10 9 
NC (cm-3) 8e17 2.2e18 2.2e18 
Nv (cm-3) 1.8e19 1.8e19 1.8e19 
μ
e
 (cm2/Vs) 320 100 100 
μ
h
 (cm2/Vs) 40 25 25 
ND (cm-3) 0 1e15 1e18 
NA(cm-3) 2e14 0 0 
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Table 4.2  Material parameters used for the SCAPS simulation of the CIGS JV curve. 
The work functions of the back and front contacts were 5.4 eV and 4.45 eV, 
respectively. 
 
Table 4.3 Material parameters used for the SCAPS simulation of the CH3NH3PbI3 J-V 
curve. The work functions of both contacts were set using the flat band 
approximation in the SCAPS software. The traps in MAPI were modeled by 
using two individual traps, one acceptor at 1*1015 cm-2 density and another 
donor at 1*1015 cm-2 density. 
 
Parameter CIGS CdS ZnO2 
Thickness (nm) 3000 50 150 
Eg (eV) 1.1 2.4 3.3 
χ (eV) 4.5 4.2 4.45 
𝜀/𝜀0  13.6 10 9 
NC (cm
-3) 2.2e18 2.2e18 2.2e18 
Nv (cm
-3) 1.8e19 1.8e19 1.8e19 
μ
e
 (cm2/Vs) 100 100 100 
μ
h
 (cm2/Vs) 25 25 25 
ND (cm
-3) 0 1e17 1e18 
NA(cm
-3) 2e16 0 0 
NT(cm
-3) 1.77e13 1.77e17 1.77e16 
 
Parameter TiO2 MAPI Spiro 
Thickness (nm) 50 450 450 
Eg (eV) 3.5 1.55 3.0 
χ (eV) 4.0 3.9 2.2 
𝜀/𝜀0  9 6.5 3 
NC (cm
-3) 2.2e18 2.2e18 2.2e18 
Nv (cm
-3) 1.8e19 1.8e19 1.8e19 
μ
e
 (cm2/Vs) 20 20 2e-4 
μ
h
 (cm2/Vs) 10 20 2e-4 
ND (cm
-3) 1e19 1e13 0 
NA(cm
-3) 0 0 2e18 
NT(cm
-3) 1e15 2e15 1e15 
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Table 4.4 Material parameters used for the SCAPS simulation of the amorphous silicon 
J-V curve. The work functions of both contacts were set using the flat band 
approximation in the SCAPS software. The device was illuminated from the 
p-type front contact. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Materials Property Considerations for a HOIP-CdTe Tandem Cell 
By combining a CdTe PV with another absorber layer in a tandem configuration, 
the resulting tandem solar cell can achieve higher device efficiency by exploiting a wider 
range of the solar spectrum and reducing thermalization losses.5-7 The first consideration 
of designing a perovskite-CdTe tandem cell is to determine the optimal band gap of the 
perovskite. Once this is known, a suitable material needs to be identified. And finally, an 
architecture that will accommodate the materials and the processing constraints must be 
realized.1 
Zincblende CdTe has a band gap of 1.5 eV.9,90 Recent high efficiency CdTe devices 
have employed a selenium grading that lowers the band gap to 1.42 eV,9 and therefore, the 
optimal CdTe tandem cell with 1.42 eV CdSeTe requires either a bottom cell absorber layer 
Parameter p-a-Si i-a-Si n-a-Si 
Thickness (nm) 25 400 20 
Eg (eV) 1.92 1.82 1.82 
χ (eV) 4.5 4.5 4.5 
𝜀/𝜀0  12 12 12 
NC (cm
-3) 2.5e20 2.5e20 2.5e20 
Nv (cm
-3) 2.5e20 2.5e20 2.5e20 
μ
e
 (cm2/Vs) 10 20 20 
μ
h
 (cm2/Vs) 1 2 2 
ND (cm
-3) 0 1e15 1e18 
NA(cm
-3) 3e18 0 0 
NT(cm
-3) 1e18 1e16 1e17 
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with a band gap of 0.85 eV85,93 or a top cell with a wider band gap of 2.0–2.3 eV,95 with 
the narrower band gap pairing having a higher theoretical efficiency. In terms of low 
bandgap perovskites as a bottom layer, MAPb0.5Sn0.5PbI3 offers the lowest band gap yet 
observed from an HOIP (at 1 atm pressure), which is 1.17 eV.95 While this is slightly higher 
than desired, it is not too far from the optimal band gap value.85,93 However, tin-containing 
HOIPs—including MAPb0.5Sn0.5PbI3—undergo rapid oxidative degradation in air
95,96 and 
have not performed well in solar cells.97 Another alternative could be the HOIP-inspired 
double perovskite, Cs2AgTlBr6, which has recently been reported with a band gap of 
0.95 eV. However, solar cells of this material have not yet been fabricated.98 Therefore, 
pairing a wide bandgap HOIP with CdTe seems to be the most effective path towards 
perovskite-CdTe tandem PVs. 
 Fig. 4.1a provides a summary of the band gap energy of HOIP materials that might 
be used in a perovskite-CdTe tandem cell architecture. The HOIPs that have exhibited very 
high PV device efficiency like MAPI, FAPI and CsPbI3 have band gaps that are too similar 
to CdTe and CdSeTe for tandem cells.85,93,94 By incorporating bromide into these materials, 
the band gap can be increased above 2 eV as needed for tandem cells with CdTe;100,102 
however, most HOIP alloys with band gap energies in the range between 1.8 and 2.2 eV 
have been found to be unstable, exhibiting spontaneous photoinduced phase 
segregation.104,107 This leaves the bromide HOIPs such as FAPbBr3 (Eg = 2.26 eV), 
MAPbBr3 (Eg = 2.3 eV), and CsPbBr3 (Eg = 2.35 eV) as the most promising candidate 




Figure 4.1: (A) Summary of the band gap energies of known perovskite materials 
compared to the band gap range of CdSeTe used in CdTe PV devices (1.42–
1.5 eV). The band gap energies are taken from45,67,95,99-106. Most HOIPs with 
bandgap energies between 1.8 and 2.2 eV undergo light-induced phase 
segregation that limits device performance.104,107,108 (B) Proposed 4T 
architecture of a HOIP-CdTe tandem PV. The high thermal processing 
temperature of the CdTe layer, the poor device performance of superstrate 
CdTe devices with reverse illumination, and the low efficiency of CdTe PVs 
with a substrate configuration limits the potential for monolithic two-terminal 
(2T) HOIP-CdTe tandem designs. 
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4.3.2 Architecture Design Considerations of a HOIP-CdTe Tandem Cell 
The tandem cell can be configured into either a mechanically stacked four-terminal 
(4T) design or a monolithically integrated two-terminal design (2T). There is a preference 
in industry towards monolithic 2T devices, due to their lower operational complexity and 
balance of system (BoS) costs.12 Monolithic 2T perovskite tandem cells have been made 
on Si,25 CIGS,56 and other perovskites74 to achieve enhanced efficiency. For perovskite-
CdTe tandems, 2T device integration will be a challenge because of the way high efficiency 
CdTe PVs are fabricated. 
CdTe PVs are superstrate devices that have an n-type window layer of CdS (or 
more recently, a buffer layer of MgZnO)90 that is first deposited on FTO-coated glass, 
followed by the CdTe absorber layer. The CdTe thin films are vacuum deposited at a 
substrate temperature of 550 °C and then treated with CdCl2 at 450 °C to achieve 
commercially suitable device efficiency.9,90 In a 2T HOIP-CdTe tandem, one would 
optimally design the structure to have the HOIP layer positioned between the glass and the 
CdTe absorber. In this case, however, such a design is infeasible, as the CdTe deposition 
temperature is considerably higher than the typical decomposition temperature of most 
HOIP PVs of about 200 °C.109-111 A monolithic HOIP-CdTe tandem solar cell would 
therefore require deposition of the HOIP layer onto the CdTe device layer. This would 
require significant changes in the design of the CdTe device. If the perovskite were simply 
deposited on the CdTe layer, the device would require illumination on the side opposite to 
the window layer of the CdTe device. CdTe PVs are well-known to require illumination 
from the window layer for proper operation.112,113 In fact, this requirement has long 
inhibited the short wavelength spectral response of CdTe devices.90,113 Therefore, this 
configuration also seems untenable. The final monolithic option would be to employ an 
inverse CdTe device in a substrate configuration (i.e., CdTe deposited on the FTO-coated 
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glass followed by the window layer of CdS or MZO) and then deposit the perovskite device 
layer in a p-i-n architecture. This strategy introduces efficiency issues, as inverse substrate 
CdTe devices have yet to achieve a PCE above a relatively modest 14%.60 Therefore, in 
order to create an efficient 2T monolithic HOIP-CdTe tandem, improvements are either 
needed in the performance of CdTe PVs with a substrate configuration (as opposed to 
superstrate), or superstrate CdTe PVs that exhibit high efficiency under reverse 
illumination. Neither one of these options are guaranteed to ever reach the high 
performance that is presently achieved in state-of-the-art commercial CdTe PVs. 
It is also worth mentioning that although the 2T cells are preferred from an 
installation perspective (wiring, inverter integration, operation, etc), 4T designs do provide 
some preferred performance characteristics. For example, 4T designs are much more 
forgiving in their design constraints, allowing for a greater variation in top cell bandgap 
energy without efficiency dropoff.6 The 4T configuration allows for greater process and 
materials flexibility since the materials in the two absorber layers can be processed 
independently. They also have a higher theoretical PCE due to relaxed current matching 
restrictions.94 Therefore, we focus on the design and performance of a 4T HOIP-CdTe 
tandem cell, which seems most realistically realizable in the short-to-medium term. 
4.3.3 A Wide Bandgap HOIP PV: Device Characteristics and Optical Properties 
As a first step towards realizing a perovskite/CdTe tandem solar cell, we fabricated 
a single junction MAPBr PV using the device architecture shown in Fig. 4.1b. Fig. 4.2a 
shows the response of the device under simulated sunlight. Devices with an ITO top contact 
were made with 3.5% PCE reverse scans, and an open circuit voltage of 1.35 V. Note that 
the transparent top and bottom contacts of these devices—particularly the ITO layer—have 
not been optimized and work on higher efficiency semi-transparent wide band gap HOIP 
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PVs is ongoing. This involves for example the optimization of the ITO sputter deposition 
and use of a MoOx interlayer. The optical properties of the functioning, semi-transparent 
MAPBr PV were then measured so that the HOIP-CdTe tandem cell performance could be 
modeled using SCAPS. 
In the 4T device, light is being absorbed by the top MAPBr device layer and 
contributing to the power output of the device. Ideally, all of the photons that are not 
absorbed and converted into electricity make it through the top cell and reach the bottom 
CdTe cell. In reality, there is some degree of optical loss in the MAPBr top cell layer. The 
optical loss from top cell illumination was measured, as shown in Fig. 4.2a and 4.2b. There 
is a sharp drop in transmitted light at wavelengths less than 540 nm, which corresponds to 
the expected bandgap of MAPBr of 2.3 eV. At wavelengths above 540 nm, there is also a 
reduction in transmitted light of about 25%, with MAPBr being the single largest 
contributor of light loss in the device stack. After accounting for all of the light incident on 
an FTO/TiO2/MAPBr thin film using an integrating sphere, the specular reflectance, 
specular transmittance, and diffuse reflectance of the thin film were determined and the 
contributions of reflection, parasitic absorption, and scattering processes to optical losses 
were estimated. Fig. 4.2c shows that parasitic absorption and reflection accounts for about 
20% of the optical loss in the sub-gap region, which agrees with previous reports.56,58,79 
However, diffuse light scattering, otherwise referred to as optical haze, also has a very 
large contribution to optical losses in the sub-gap region. Haze is defined formally as all 
transmitted light that is scattered more than 2.5° relative to the incident beam, or as all 





Figure 4.2:  (A) Current-voltage (J-V) curves for a semi-transparent MAPbBr3 device. (B) 
Direct transmittance curves taken after each layer in the MAPBr device was 
deposited. Each label in the legend corresponds to the last layer of the device 
that was deposited, using an architecture similar to Fig. 4.1b, but with ITO 
instead of gold as a top contact (C) Full light accounting of all incident light 
on a MAPBr-coated TiO2 substrate. We observe a large portion of optical loss 
in MAPBr films is due to diffuse reflectance and transmission (i.e. optical 
haze). The inset in (C) shows a photograph of the MAPBr-coated TiO2 
substrate. 
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Differential image contrast (DIC) light microscopy of MAPBr deposited on TiO2-
coated FTO glass substrates revealed that the haze results from thickness non-uniformities 
in the perovskite layer. Fig. 4.3 shows DIC images and an SEM image of an MAPBr layer. 
DIC light microscopy is commonly used to characterize birefringent materials,115 but it 
also reveals spatial variations of light scattering.116 Regions of the film with significant 
light scattering appear darker when imaged in parallel polarized orientation and brighter 
under crossed polarized orientation. The variations in light scattering in the film appear to 
correlate with surface roughness in the film, similar to the features referred to in the 
literature as “wrinkles” in CsxFA1−xPb(BryI1−y)3.
117,118 In one of these studies it was 
mentioned that device layers made with wider band gap materials exhibit more 
wrinkling.117 The DIC and SEM images indicate that it is the wrinkling of the MAPBr film 
that creates the observed haze. Perhaps alternative methods for depositing wide band gap 
HOIPs could alleviate this problem, such as two-step deposition processes,119 antisolvent 
engineering of the Hagfeldt process,120 and the use of nanocrystals as opposed to bulk thin 
films.121 Ultimately, the optical quality of the films made using these processes must be 
considered alongside their performance in functioning solar cells in order to determine their 
viability in HOIP-CdTe tandems. 
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Figure 4.3: DIC microscopy images of a MAPBr thin film with source and analyzer 
polarizers in a (A) parallel and (B) crossed/perpendicular orientation. (C) A 
top down SEM image of a MAPBr thin film. Film “wrinkling” is observed 
consistent with reports on lower band gap HOIPs.116,117 
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4.3.4 SCAPS Modeling of 4T MAPBr-CdTe Tandem Devices 
The device performance of 4T MAPBr/CdTe tandems was modeled using the 
measured optical and device characteristics of the MAPBr top cell and the Solar Cell 
Capacitance Simulator (SCAPS) software package using known parameters for CdTe 
devices.89,90 Fig. 4 shows the J-V response of the CdTe bottom cell with a top cell having 
no haze or other sub-band gap optical loss. Device simulations of the CdTe cell were then 
performed considering the haze of the top cell by placing an appropriate optical filter over 
the CdTe bottom cell to mimic the 4T device. Less haze in the MAPBr layer is obviously 
desirable, but MAPBr device layers with higher PCE can tolerate more haze and still 
contribute to increasing the overall performance of a single junction CdTe PV. By 
subtracting the PCE of the filtered device from the PCE of the initial device, we determine 
the PCE of the top cell needed to “break even” or begin to improve the efficiency of the 
system relative to the baseline single junction CdTe PV. The PCEs of the top perovskite 
cell needed to break even are shown in Fig. 4.4 for two different CdTe devices—the 15.5% 
PCE device of Kephart et. al.90 and an optimized CdTe device with no simulated defects 
and 22.05% PCE. For a MAPBr top cell (Eg = 2.3 eV) with 100% sub-band gap 
transmission and a 15.54% PCE CdTe bottom cell, an efficiency of at least 4.2% is needed 
to create a more efficient tandem. Note that the record PCE for MAPBr is 10.4%122 and the 
Shockley-Queisser limit is 16.4%.123 Using the commonly studied perovskite 
FA0.83Cs0.17Pb(I0.6Br0.4)3 (Eg = 1.75 eV) at least 11.1% PCE is needed to break even. For 
reference, the literature record for FA0.83Cs0.17Pb(I0.6Br0.4)3 is 17.8%,
124 and the Shockley 
Queisser limit is 27.5%.123 The MAPBr top cell efficiency needed to improve the efficiency 
of a 22.05% PCE CdTe device is higher, with break-even PCEs for MAPBr and 
FA0.83Cs0.17Pb(I0.6Br0.4)3 of 6.9% and 16.2%, respectively. 
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Figure 4.4  Simulation of wide band gap semiconductor-CdTe tandem PVs, given a CdTe 
PCE of (A) 15.5% and (B) 22.05%. In both cases, we plot the “break even” 
top cell PCE, defined here as the PCE of the top cell that is needed for the 
tandem device to eclipse the PCE of the CdTe cell without the top cell acting 
as an optical filter. The insets show the simulated JV curves of the unfiltered 
CdTe device. (C) Break even PCE of a CdTe tandem cell as a function of the 
sub-band gap transmission of the top cell, given a 2.3 eV band gap top cell 
and 15.5% PCE CdTe device. With higher top cell optical losses, a higher top 
cell PCE is needed. 
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Tandems utilizing MAPBr (Eg = 2.3 eV) top cells with haze were also simulated 
using SCAPS. For the simulations, top cell optical transmission curves were simplified to 
have uniform optical loss across the sub-band gap region (constant transmission 
E(hν) < Eg,HOIP, 0% transmission E(hν) > Eg,HOIP). Fig. 4.4c shows the break-even curves 
simulated using SCAPS, for 15.5% CdTe devices. With MAPBr top cells exhibiting 75% 
optical transmittance sub-band gap, 6.9% efficiency is needed in the top cell for the HOIP-
CdTe tandem to outperform the CdTe bottom cell. 
To compare perovskite-CdTe tandems with other perovskite-based tandems, 
SCAPS device modeling was carried out using CIGS, methylammonium lead iodide 
(MAPI) and amorphous Si as a bottom cell. Fig. 4.5 summarizes the results in terms of the 
acceptable amount of optical loss for MAPBr pairings with a CIGS (Eg = 1.1 eV; 17.4% 
PCE), methylammonium lead iodide/MAPI (Eg = 1.5 eV; 21.5% PCE), and amorphous 
silicon (Eg = 1.82 eV; 12.3% PCE). Parameters used for simulation are provided in Tables 
4.2–4.4. For a MAPBr with 75% sub-band gap transmittance, the break-even PCE is 7.4%, 
10.7%, and 8.4% respectively for CIGS, MAPI, and a-Si cells modeled here. The slightly 
higher break-even PCEs for the MAPI and CIGS tandems results in part from the higher 




Figure 4.5  Break even PCE of perovskite top cell tandems as a function of sub-band gap 
optical transmission with a 2.3 eV CH3NH3PbBr3 top cell: (A) a 1.1 eV band 
gap CIGS cell with 17.4% PCE, (B) a 1.55 eV band gap CH3NH3PbI3 PV with 




The approach of increasing CdTe PV efficiency by the addition of a wide bandgap 
perovskite layer in a 4T tandem device configuration appears to be a plausible way to 
increase efficiency without significantly increasing manufacturing cost. The 4T 
configuration leads to higher BOS costs than a 2T tandem, but the increased efficiency 
might make it worthwhile to pursue such a device configuration.12 In addition to the need 
to fabricate 4T devices, another challenge to perovskite-CdTe tandem cells appears to be 
the occurrence of haze in perovskite layers with the wide band gap needed for efficient 
operation with CdTe. Haze deteriorates the performance of the tandem by preventing light 
from reaching the bottom cell. SCAPS device modeling shows that it should still be 
possible to improve upon the bottom CdTe cell efficiency with a top perovskite cell with 
some amount of haze, but the necessary efficiency for this becomes much higher when the 
CdTe cell efficiency further increases towards its ideal high efficiency. It will require 
further layer optimization to eliminate the “wrinkles” that cause haze. Another challenge 
will be in the fabrication of highly transparent, conductive top and bottom contacts for the 
MAPBr top cell to eliminate parasitic light absorption. Again, a 2T device configuration 
can help alleviate this problem; however, only if high efficiency can somehow be achieved 
from CdTe PVs with alternative device fabrication (i.e., substrate) or illumination 
conditions (i.e., reverse illumination). Since the point is to take advantage of the 
tremendous progress in developing low-cost high-throughput manufacturing of CdTe thin 
film PVs to make low-cost, higher efficiency tandems, it may be the best strategy to figure 
out device designs that do not require significant changes to the CdTe cell design and 
operation. This will probably be the main challenge facing the development of perovskite-
CdTe tandem PV technology. 
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PEROVSKITE-CDTE TANDEM PHOTOVOLTAICS 
Chapter 5: Addition of Silver Cations to CH3NH3PbBr3 Produces 
Crystallographically Ordered Perovskite Thin Films† 
5.1 INTRODUCTION 
Methylammonium lead bromide (CH3NH3PbBr3, MAPBr) is a lead halide 
perovskite with a wide band gap (2.3 eV).1  It can be deposited from solution to fabricate 
a variety of optoelectronic devices, including light-emitting diodes (LEDs), photodetectors 
and photovoltaics (PVs).2-4  The crystallographic orientation, or texture, of the films is 
often important and device performance has been improved using crystallographically-
oriented perovskite films.5-11   The charge carrier mobility, photoconductivity, trap state 
density and degradation rates also show a dependance on the crystal orientation of the 
film.8,12-14  Recently, the addition of Ag+ to tetragonal methylammonium lead iodide 
(CH3NH3PbI3, MAPI) has generated weakly (011) oriented films.
5  In that case, there was 
also a “dedoping” effect that enhanced PV performance.5 In this Letter, we show that the 
inclusion of Ag+ in wider bandgap MAPBr leads to (001)-oriented films on a wide variety 
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“Addition of Monovalent Silver Cations to CH3NH3PbBr3 Produces Crystallographically Ordered Perovskite 
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5.2 EXPERIMENTAL DETAILS 
5.2.1 Materials 
Lead bromide (>99.999% (metals basis) Puratonic®, Alfa Aesar), silver bromide 
(99.998% (metals basis) Premion®, Alfa Aesar), methylammonium bromide (CH3NH3Br, 
Greatcell Solar),  dimethylformamide (HCON(CH3)2, 99.8%, anhydrous, Sigma), 
dimethylsulfoxide ((CH3)2SO, >99.9%, anhydrous, Sigma), chlorobenzene (C6H5Cl, 
99.8%, anhydrous, Sigma), zinc purum powder (99%, Sigma), hydrochloric acid (Reagent 
grade, 37%, Fisher Chemical), titanium diisopropoxide bis-acetylacetanoate (TAA, 
C16H32O6Ti, 75 wt% in isopropanol, Sigma), 1-butanol (C4H9OH, 99.8%, anhydrous, 
Sigma), 30 NR-D Nanoparticulate Titanium Dioxide paste (TiO2, Greatcell Solar), ethanol 
(200 proof, Fisher Chemical), spiro-OMeTAD ((N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-
methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine, Merck), lithium 
bistriflurormethanesulfonimide (LiTFSI, LiC2F6NO4S2, 99.95%, Sigma), acetonitrile 
(C2H3N, 99.8%, anhydrous, Sigma), 4-tert-butylpyridine (C9H13N, 96%, Sigma), and 
titanium tetrachloride (TiCl4, 99.9%, Sigma) were used as received without further 
purification.  Gold for evaporation (99.99%, 0.5 mm diameter wire) was purchased from 
Kurt J. Lesker.   
Silicon substrates (University Wafer, 8-10 Ωcm, polished (100) surface), tin-doped 
indium oxide (ITO) coated glass (Thin Film Devices, 100 Ω/sq, >90% transparency), and 
fluorine-doped tin oxide (FTO) coated glass (Hartford Glass) were used as received.  
Immediately prior to deposition of the perovskite films, substrates were rinsed with 
ethanol, placed in a Jelight Co. Inc. Model 42 UV Ozone cleaner for 1 h, and immediately 
transferred into a nitrogen-filled glove box for perovskite deposition.   
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5.2.2 Deposition of CH3NH3PbBr3 (MAPBr) Thin Films 
First, 514 mg of PbBr2 and 157 of mg CH3NH3Br (MABr) are dissolved in 0.8 mL 
DMF and 0.2 mL DMSO by stirring for 2 h at room temperature to obtain reactant 
concentrations of 1.4 M of each PbBr2 and MABr. In a separate vial, 263 mg of AgBr and 
157 mg of MABr are dissolved in 0.8 mL DMF and 0.2 mL DMSO in a similar manner, 
resulting in solution concentrations of 1.4 M AgBr and MABr. (Note: we observe that 
AgBr does not dissolve in DMF/DMSO without the parallel dissolution of equimolar 
MABr) The precursor solution is then prepared by mixing these AgBr and PbBr2 solutions 
to achieve the desired Ag:Pb mole ratio (e.g. 1:9 AgBr:PbBr2 for “10% Ag” samples) and 
deposited on the desired substrate using a Laurel spin coater in a nitrogen glove box (<10 
ppm O2, <10 ppm H2O). Films are spun using a two-step program (1000 rpm for 10 s and 
4000 rpm for 30 s) with 50 μL of precursor solution spread evenly across the substrate.  
After 15 s into the second step, 100 μL of chlorobenzene is pipetted onto the center of the 
substrate to induce crystallization of the film.  The films are then annealed at 100 oC for 1 
h on a hot plate in a nitrogen glove box while continuous purging the box with nitrogen to 
avoid solvent vapor accumulation. 
5.2.3 PV Device Fabrication and Testing 
Photovoltaic devices (PVs) were fabricated using established procedures in the 
literature.15  FTO-coated glass is rinsed with dilute dish soap, DI-water, and ethanol, and 
then patterned by chemically etching the FTO from unwanted areas with zinc powder and 
concentrated hydrochloric acid. After neutralizing the acid with water, the patterned 
substrates are rinsed with DI-water, sonicated in ethanol for 30 min, and treated with UV-
ozone plasma for 1 h. A compact TiO2 layer is deposited by dissolving 72.5 μL titanium 
diisopropoxide bis-acetylacetanoate in 1 mL 1-butanol and then spin coating this solution 
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at 700 rpm for 10 s, 1000 rpm for 10 s, and 2000 rpm for 30 s. The film is dried by heating 
at 125 oC for 10 min and then 30 NR-D TiO2 nanoparticulate paste dissolved at a 
concentration of 100 mg/mL in ethanol is deposited using the same 3-step spin coat process 
used for TAA. The substrates are then heated at 550 oC for 1 h in air, which forms a 
mesoporous TiO2 substrate.  Immediately before solar cell fabrication, the TiO2 films are 
immersed in aqueous 20 μM TiCl4 for 10 min at 90 
oC.  The substrates are then rinsed with 
water and ethanol, cooled, and then annealed at 500 oC for 30 min in air.  After exposing 
the substrates to UV-ozone for 1 h, MAPBr is deposited using the previously described 
spin-coating procedure. Spiro-OMeTAD is then deposited by spin-coating a solution of 72 
mg/mL spiro-OMeTAD dissolved in 1 mL chlorobenzene with 7.5 μL/mL tert-
butylpyridine and 24 μL/mL lithium tetrafluorosulfonimide stock solution (170 mg LiTFSI 
salt in 1 mL acetonitrile) at 5000 rpm for 30 s. Spiro-coated MAPBr films are then left to 
sit overnight in dry air desiccator before gold (~60 nm) is thermally evaporated at a rate of 
2 Å/s and at a base pressure of  Torr on the substrates. 
PV device testing was carried out using light from a Xe lamp passed through an 
AM 1.5 filter with 100 mW cm-2 intensity, with intensity calibration carried out on a 
Hamamatsu silicon diode. Current-voltage (J-V) profiles were obtained without light or 
voltage pre-biasing using a Keithley 2400 general purpose source meter swept at a rate of 
~100 mV/s. External quantum efficiency (EQE) measurements were taken with a 
commercial solar cell spectral response measurement system (model QEX10, PV 
Measurements, Inc) using a Xe arc lap source and a dual-grating monochromator with 
respective color filters. The EQE measurements were calibrated with a NIST certified 
silicon photodiode (SN: 98599).  
5105 −
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5.2.4 Materials Characterization 
Grazing incidence wide-angle X-ray scattering (GIWAXS) was performed on 
samples in vacuum using a SAXSLAB Ganesha SAXS-WAXS system with 
monochromatic Cu Kα X-rays (λ=1.54 Å) with a 5o incident beam angle.  Scattered X-rays 
were captured for 10 min with a 487×619 pixel Pilatus3 R 300k (pixel size of 172×172 
μm2) detector and a sample-to-detector distance of 131 mm.  Ewald sphere correction and 
linear integration (azimuth angle and ) were processed with Fit2D software (version: 
12_077_i686_WXP). Azimuth integration of the (001) peak was performed between 
q=10.2 nm-1 and q=11.6 nm-1 (14.3° to 16.4° ) with 180 azimuth bins. 
A Kratos Axis Ultra DLD X-ray photoelectron spectrometer (XPS) equipped with 
a monochromatic aluminum X-ray source was used to carry out X-ray photoelectron 
spectroscopy (XPS) measurements.  Exposure of the samples to air was avoided using a 
patented transfer system developed at the Texas Materials Institute (TMI) at the University 
of Texas at Austin.16 Samples are loaded and sealed into a pressure-to-vacuum (P2V) 
transfer chamber in a nitrogen glove box. The P2V chamber is then taken to the XPS 
instrument and evacuated before samples are transferred to the analysis chamber as 
described by Celio.16 XPS data were analyzed using CasaXPS software, correcting for 
sample charging by normalizing the C1s signal from adventitious carbon to a binding 
energy of 284.8 eV. Peak fitting was performed using Shirley, Tougaard, or Linear 
backgrounds, depending on the shape of the background in the specific region of fitting,17 
and a Gaussian-Lorentzian peak shape. Compositional data were obtained by integrating 
the peaks with corrected intensities based on the relative sensitivity factor provided by the 
Kratos library.  
Time of flight secondary ion mass spectrometry (TOF-SIMS) data were acquired 




(20 ns pulse width, 30 keV ion energy, and ~3.5 pA measured sample current) and a O2
+ 
sputtering beam (1 keV and 41.3 nA measured sample current current) at ~10-9 Torr base 
pressure. During depth profiling the analysis beam was raster-scanned over a  mm2 
area centered within the  mm2 sputtered area of the sputtering beam. Analysis was 
performed in interlaced mode as described by Wang et. al.,18 and in positive mode, i.e. all 
secondary ions detected were positively charged fragments. To alleviate electrical charging 
of the sample, a constant energy (21 eV) electron beam was directed at the sample during 
analysis. All depth profiles were acquired in high current bunched mode. For TOF-SIMS 
mapping with high lateral resolution, the analysis beam was set in the burst alignment mode 
using 7 bursts. Before data acquisition, a very thin layer of sample was removed from the 
surface using 30 s of O2
+ sputter. The O2
+ sputtering rate was calculated to be ~0.2 nm s-1 
based on the depth profile of the InSnO+ secondary ion fragment and sample thickness 
from cross section SEM. To avoid peak overlap of Ag+ and SiBr+ ion fragments, ITO-
coated borosilicate glass was used as a substrate for TOF-SIMS measurements. 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS) data were obtained with a Hitachi S550 SEM/STEM operated at 30 kV and 10 μA 
with a Bruker AXS XFlash Detector 4010.  The MAPBr films were spin coated on silicon 
substrates (University Wafer, 8-10 Ωcm, polished (100) surface).  SEM images and 
compositional profiles of the cross-sectioned films were obtained using a JEOL-7610F 
SEM equipped with a 1040 Oxford Instruments EDX detector. 
Solid state photoluminescence emission (PL) was measured on a Fluorolog-3 
spectrophotometer (Horiba Jobin Yvon) using an excitation wavelength of 400 nm and a 
slit size of 5 for both excitation and emission. Photoluminescence (PL) was measured on a 
Fluorolog-3 spectrophotometer (Horiba Jobin Yvon) using an excitation wavelength of 400 




performed in a home-made time-correlated single photon counting (TCSPC) setup 
equipped with a picosecond pulse laser diode (FWHM=100 ps, λ= 446 nm, repetition 
rate=1 MHz). A 10x (0.28 Numerical Aperture) objective focused the light to the sample, 
and the same objective collected PL signal. The collected PL was directed through a band-
pass filter, a spectrograph, and an avalanche photodiode (APD, SPCM-AQRH-14) The 
measured instrument response function is 600 ps, much lower than measured lifetimes.  
5.3 RESULTS AND DISCUSSION 
5.3.1 Preferred Orientation of MAPBr Upon Ag+ Addition 
Figure 5.1 shows grazing incidence wide-angle X-ray scattering (GIWAXS) from 
MAPBr films deposited on silicon substrates by room temperature spin-coating with 
increasing amounts of AgBr in the precursor solution.  Molar ratios of 
[Ag+]/([Ag+]+[Pb2+]) ranged from 0.5% to 10% and the films were annealed at 100oC after 
deposition.19 All patterns index to cubic MAPBr with a lattice constant of 5.92 Å.  
Substitutional replacement of Pb2+ with Ag+ does not change the lattice constant because 
of the similar ionic radii of Pb2+ (119 pm) and Ag+ (115 pm).20 When [Ag+]:[Pb2+] ratios 
exceeded 2%, the GIWAXS data exhibited significant texture.  In Figure 5.1D-F and 5.1J-





indicate that the films are predominantly oriented with (001) lattice planes parallel to the 
substrate.  A faint texture is also present in the pure MAPBr films in Figures 5.1A and 
5.1G, which corresponds to a different, weakly preferred (011) crystal orientation.       
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Figure 5.1: (A-F) GIWAXS of MAPBr films on silicon substrates with varying amounts 
of Ag+.  The Ag concentration corresponds to the molar percentage of Ag+ 
added to the precursor solution with respect to Pb2+.   The indexing in (F) 
corresponds to cubic MAPBr (PDF #01-084-9476) with a [100] beam 
direction.  Additional diffraction spots are observed in (F), which are enclosed 
in rectangles.  (G-L) The diffraction intensity of the (001) ring (10.3 nm-1 < q 
< 11.6 nm-1 or 14.3o < 2θ < 16.4o) from the GIWAXS patterns in (A-F) plotted 
as a function of azimuthal angle. The (001) peaks at 45o and 135o in (G) 
indicate that MAPBr without added Ag+ exhibits some preferential (011) 
orientation.  Silver addition leads to significant sharpening of the (001) signal 
at 90o, indicating that the film is oriented with (001) planes parallel to the 
substrate 
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 MAPBr films were also deposited on glass, ITO-coated glass and FTO glass coated 
with mesoporous TiO2.  Figure 5.2 shows GIWAXS data for films on each substrate with 
10% Ag+.  There is a significant amount of texture and all of the patterns show a (001) 
crystallographic orientation.  The same impurity features as in Figure 5.1F are also 
observed in these films with high Ag+ concentration.        
 
Figure 5.2.  GIWAXS of MAPBr films deposited with 10 mol% Ag+ in the precursor 
solution on (A) glass, (B) ITO-coated glass, and (C) FTO glass coated with a 
compact and mesoporous TiO2 layer. The films exhibit a (001) crystal 
orientation.  The diffraction spots outlined with rectangles correspond to an 
impurity phase.  
5.3.2 Elemental Analysis and Origins of Induced (001) Ordering 
Compositional profiles were obtained using X-ray photoelectron spectroscopy 
(XPS), energy-dispersive X-ray spectroscopy (EDS), and time-of-flight secondary ion 
mass spectroscopy (TOF-SIMS).  XPS and EDS data are shown in Table 5.1.  MAPBr 
films deposited without Ag+ are stoichiometric.  The addition of Ag+ led to higher Br:Pb 
and N:Pb ratios, indicating that some unreacted CH3NH3Br is present. The silver 
concentrations measured by XPS are higher than those measured by EDS.  XPS is surface-
sensitive,21,22 while EDS provides a depth averaged composition.  Therefore, higher silver 
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content measured by XPS indicates that Ag+ accumulates at the surface.  TOF-SIMS was 
used to map this depth composition in greater detail.     
 
Table 5.1. Elemental composition of MAPBr films determined by EDS† and XPS. 
 
†The limit of detection (LOD) for EDS is ~3 at%. 
In TOF-SIMS, the concentrations of species in a film are determined as a function 
of depth by sputtering the layers and measuring the composition of the fragments, as 
illustrated in Figure 5.3A.23  Figure 5.3B shows the Ag secondary ion yield, and Figures 
5.3C-K show TOF-SIMS profiles of three secondary ion fragments from MAPBr films on 
ITO-coated glass substrates.  In its absolute amount, the secondary ion yield of a given 
fragment is proportional to the concentration of the corresponding element/molecule in the 
film.  These ion fragments were chosen due to their secondary ion yield and to what they 
correspond with in the film: Ag corresponds to silver; CH3NH3PbBr corresponds to 
MAPBr; and InSnO corresponds to the ITO substrate.  The signal of CH3NH3PbBr 
secondary ion yield is similar for all of the samples whereas the Ag secondary ion yield 
increased with the amount of Ag+ added to the film.  The depth localization of the 
elements/molecules is inferred by normalizing the secondary ion yields to the maximum 
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yield value of each species.  The Ag concentration is highest at the top and bottom 
interfaces of the MAPBr film.  There is also evidence of Ag penetration into the ITO layer.      
 
Figure 5.3. (A) Schematic of the TOF-SIMS measurement. (B) TOF-SIMS profiles of Ag 
secondary ion yield.  (C-F) TOF-SIMS depth profiles of Ag, CH3NH3PbBr, 
and InSnO secondary ion fragments in MAPBr films deposited with (C) 0%, 
(D) 1%, (E) 2%, and (F) 10% Ag+ in the precursor solution.   
The composition on the surface of the films was also mapped.  Figures 5.4G-I show 
EDS maps of Pb, Br and Ag in the region of the MAPBr film imaged by SEM in Figure 
5.4J.  There are features concentrated in Ag. Figures 5.4K-N show higher resolution 
compositional profiles obtained by TOF-SIMS.  These maps confirm the presence of these 
phase-segregated regions rich in Ag.  The spatial distributions of Pb, CH5N, and Ag 
secondary ions are relatively uniform, except for bright spots of Ag from phase segregated 
areas of the film and wave-like features.  The dark waves are shadows in the TOF-SIMS 
signal resulting from wrinkles, or thickness undulations.9,24,25 The maps of Pb and CH5N 
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secondary ion yields in Figures 5.4K and 5.4L indicate that the Ag+-rich regions contain 
Pb2+, but not CH3NH3
+. The absence of CH3NH3
+ in the Ag+-rich regions is more apparent 
in the overlay of Ag and CH5N secondary ion yield maps in Figure 5.4N. We propose that 
these domains of composed of Ag, Pb and Br are giving rise to the additional diffraction 
spots at low q in the GIWAXS patterns in Figures 5.1F and 5.2, although the diffraction 
spots did not match any known silver-containing compounds in the COD or ICDD 
diffraction databases.   
 
5.3.3 Impacts on Optoelectronic Performance 
Photovoltaic devices (PVs) were fabricated with Ag+-doped MAPBr films using 
the materials stack in Figure 5.5A.  As shown in Figures 5.5B-F, the addition of Ag+ 
degraded device performance, decreasing the power conversion efficiency (PCE), 
stabilized power output (SPO), short circuit current (JSC), and open circuit voltage (VOC).  
This is not due to differences in film morphology, as the MAPBr films look similar in top-
down SEM images (Figures 5.4A-F).  In fact, films with more Ag+ have larger crystal grain 
size and even smoother morphology—most likely due to the increased crystallographic 
orientation of the films.  Films deposited with more than 10% Ag+ in the deposition solution 
did form pinholes near grain boundaries, but the devices still functioned.  The reduction in 
device performance became significant once the Ag+ concentration exceeded 2%, 





Figure 5.4.  (A-F) Top-down SEM images of MAPBr films on silicon deposited with (A) 
0%, (B) 0.5%, (C) 1%, (D) 2%, (E) 5%, and (F) 10% Ag+ added to the 
precursor solution.  The crystal grain size increases with increasing Ag+ and 
pinholes are observed when the Ag+ concentration reaches 10% Ag+.  (G-I) 
EDS maps of (G) Pb, (H) Br, and (I) Ag corresponding to the region imaged 
by SEM in (J) for a MAPBr film with 10% Ag+.  (K-N) TOF-SIMS mapping 
of a 2% Ag MAPBr thin film on ITO showing the (K) lead, (L) methylamine, 
(M) silver, and (N) an overlay of the Ag and CH5N
+ signals.  The wave-like 







Figure 5.5.  (A) PV device architecture and materials stack.  (B-F) Histograms of (B) 
reverse scan PCE, (C) stabilized power output (SPO), (D) short circuit current 
(JSC) of the reverse scan, (E) open circuit voltage (VOC) of the reverse scan, 
and (F) fill factor of the reverse scan of MAPBr PVs with different amounts 
of AgBr added to the precursor solution. 
Ag+-doped MAPBr films on UV-Ozone treated glass underwent PL measurement 
to determine the impact of silver doping on the luminescence behavior of thin films. Results 
are shown in Figure 5.6. The PL spectra and time-resolved photoluminescence (TRPL) 
decay do not change dramatically as a function of silver content, seen in Figure 5.6A and 
5.6B respectively. The only noticeable change is in the static PL spectra in Figure 5.6A, 
where the PL peak slightly blueshifts and the red shoulder noticeably decreases above 5% 
Ag+ incorporation. This red shoulder is observed in thick films and single crystals, and has 
been recently attributed to radiative recombination via indirect Rashba transitions.26 
 124 
Interestingly, in contrast to literature observations of Ag-free MAPBr, this red shoulder 
disappears as the film thickness increases (see Supporting Information for cross sectional 
SEM images).26 Time-resolved PL data taken at 540 nm, however, do not exhibit any 
change or trend with increasing Ag+ content, seen in Figure 5.6B. 5% Ag samples appear 
to have much lower lifetimes, which may be due to the introduction of trap states in the 
material. Curves are fit to a biexponential function, with fitting parameters shown in Table 
5.2 and fitting curves shown in the Figure 5.7. 
Others have also reported on the effects of silver in perovskite optoelectronics. 
Silver doping has improved some devices,27-29 and increased the mobility of hybrid 
organic-inorganic perovskite (HOIP) nanoparticle films;30 yet, it has also degraded device 
performance when present in the form of silver halide as a product of corrosion.31-35  
Surface segregation of Ag+ can negatively impact the depletion region, increase surface 
recombination, and lead to unwanted band offsets in the MAPBr film.36-38 Unreacted 




Figure 5.6.  (A) Steady-state photoluminescence spectra and (B) Time resolved 
photoluminescence decay at 540 nm for Ag+ doped MAPBr thin films. Above 
5% Ag+ incorporation, a subtle blueshift is observed, and the red shoulder of 
the MAPBr PL spectra reduces in intensity. No significant trend in PL lifetime 
is observed in (B), with the exception of the 5% Ag+ film, which has a shorter 





Table 5.2. Fitting parameters for biexponential fits of the PL decay at 540 nm. 
 
 
Figure 5.7. TRPL decay curves at 540 nm of MAPBr films on glass deposited with the 
addition of (A) 0%, (B) 0.5%, (C) 1%, (D) 2%, (E) 5%, and (F) 10% Ag+. 
Data is in black squares and the fit curve is denoted by a red line. Data was 
fit to a biexponential decay function with parameters seen in Table 5.2. 
5.3.4 Discussion 
Based on the TOF-SIMS results and the compositional maps, we propose that 
segregation of Ag+ to the interfaces of the MAPBr film—or “surface doping”—templates 
the (001) crystallographic orientation.  This surface doping mechanism is illustrated in 
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Figure 5.8.  This is different than what occurs in MAPI films.  In oriented MAPI films, the 
addition of Ag+ significantly slows the crystallization rate, affecting nucleation and growth 
and ultimately the orientation of the film.  In the case of MAPBr, there is no observed 
slowing of crystallization when Ag+ is added.  This is because the solvent-antisolvent spin 
coating process that is used here induces crystallization within a few seconds of antisolvent 
exposure and does not depend on precursor composition.19  Anisotropy in the interfacial 
energy of crystal surfaces tends to orient crystallizing grains to minimize surface energy in 
a film,42-45 and the interfacial energies of crystal planes can be significantly modified by 
impurities or the adsorption of small molecules.46-50  Silver(I) has been shown to be 
particularly active in this role in a wide variety of different instances, ranging from 
superconductor materials like (Bi,Pb)2Sr2Ca2Cu3Ox,
51,52 and Y2BaCuO5,
53 to plasmonic 
gold nanocrystals and nanorods.54,55  High concentrations of Ag at the back interface of the 
MAPBr films observed in the TOF-SIMS profiles might lower the (001) surface energy.  
Alternatively, MAPBr crystallization could be initiating at the liquid-air interface and 
proceeding towards the substrate, as in the “oriented crust” crystallization mechanism,56-58 
with Ag+ templating (001)-oriented growth at the liquid-air interface.  Either of these 








Figure 5.8.  Illustration of an Ag+ cation surface doping mechanism that induces 
crystallographic orientation of MAPBr films.  Blue ellipsoids depict 
methylammonium, green are lead, purple are bromide, and grey are silver 
atoms.  MAPBr exhibits a weakly favored (011) orientation on the substrate.  
The addition of Ag+ at low concentrations (0.5-2% Ag+) leads to a weakly 
preferred (001) orientation, and higher Ag+ concentrations (>5% Ag+) leads 
to strongly preferred (001) crystal orientation. 
The crystallographic orientation of other perovskites has also been manipulated.  In 
Ruddleston-Popper phases, where optoelectronic performance is strongly correlated with 
the orientation of the 2D inorganic layers with respect to the substrate, crystal orientation 
has been manipulated by either increasing the number of 3D layers between organic spacer 
ions,59 controlling the annealing process,56 or changing precursor stoichiometry.10,60 
Crystal texture has been controlled by arresting crystal nucleation with chlorine or acetate 
salts,6,8,61,62 recrystallization in methylamine vapor,6,7,63 alloying or ion exchange,46,47,64 
adjusting precursor stoichiometry,13,65-67 seeding with nanoparticles,68 or vapor phase 
epitaxy (VPE) on single crystal substrates of SrTiO3 or NaCl.
69,70 Our method of inducing 
(001) crystal orientation involves the simple addition of Ag+ to the precursor solution, and 
does not appreciably impact thermal processing time or temperature, nor does it 
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significantly impact PL. Additionally, it does not require the use of the expensive, 
atomically smooth single crystals needed for VPE. 
5.4 CONCLUSION 
We have identified a mechanism of Ag+ surface doping that produces 
crystallographically-oriented MAPBr films.  Silver preferentially segregates to grain 
boundaries and interfaces and induces a preferred orientation of (001) MAPBr crystal 
planes parallel to the substrate.  Although the PV performance did not improve with Ag+ 
addition—most likely due to the formation of a separate phase of silver lead and bromide—
this report demonstrates more broadly that surface segregation of dopants can change the 
crystallographic orientation of a perovskite film. 
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PEROVSKITE-CDTE TANDEM PHOTOVOLTAICS 
Chapter 6: TlBr and Tl2AgBr3 Nanocrystals 
6.1 INTRODUCTION 
Thallium has attracted recent interest as a substitutional dopant for halide 
perovskites (HaPs). Recent reports have detailed thallium substitution in the A-site1 for 
new wide bandgap perovskites and thallium inclusion in the B-sites of double perovskite 
structures.2–5 Inclusion of Tl3+ in double perovskites is particularly interesting, as the low 
energy levels of unoccupied Tl3+ 6s bands have led to double perovskites with direct band 
gaps as low as 0.95 eV, the lowest band gap energy observed in a known HaP material.2 
Additionally, thallium bromide materials have applications in radiation detectors due to 
their high carrier mobility and large average atomic weight.6–8 Unfortunately, due to the 
high acute toxicity of thallium, thin film processing of these materials is limited. 
Traditional bulk thin-film processing of HaPs involves the use of polar complexing agents 
such as dimethylsulfoxide (DMSO)9 which may permeate skin, carrying heavy metal atoms 
to the bloodstream.10 Therefore, the risk associated with using conventional HaP thin film 
processing techniques for thallium-based HaPs is too great for utilization in optoelectronic 
devices, even at a lab or testing scale. 
A relatively safe alternative to bulk HaP thin film processing is nanocrystal 
synthesis and post-reaction film processing. Complex chemistry with polar solvents is not 
needed for efficient nanocrystal HaP PV, and there is greater flexibility in the method of 
film deposition,11 which allows for better design of safe deposition processes. Recent 
reports have shown that solar cells made with HaP nanocrystals can achieve high 
performance comparable to bulk HaP devices.12,13 However, such methods would require 
deeper knowledge of thallium halide nanoparticle synthesis, which is currently lacking.  
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TlBr nanostructures were first synthesized by Akhbari and Morsali, who developed 
a method to make nonuniform particles by exposing cetyltrimethylammonium bromide 
(CTAB) to a thallium polymer.14 Mir et. al. recently developed the first chemical route to 
TlI nanocrystals with high carrier mobility and large carrier diffusion lengths by injecting 
a solution of tetra-butyl ammonium iodide into a thallium nitrate solution.15 They were also 
able to synthesize larger (~28 nm) TlBr nanocrystals using tetra-butyl ammonium bromide 
in the same synthetic method.15 Finally, Vanishita et. al. recently developed a method to 
synthesize uniform Tl3PbX5 (X=I,Br,Cl) nanocrystals via injection of thallium oleate into 
a solution of lead halide.1 
Here, we report the synthesis of uniform TlBr and Tl2AgBr3 nanocrystals. Injecting 
trimethylsilyl bromide (TMSBr) into a solution of thallium (III) acetate in oleylamine and 
oleic acid at 70 oC yields uniform nanocrystals of CsCl-type cubic TlBr with a size 
distribution of ~10.4 + 1 nm. Adding silver (I) acetate to this solution in a 2:1 Tl:Ag molar 
ratio yields dolomite-type trigonal Tl2AgBr3 nanocrystals with a size distribution of 15 + 3 
nm. Limited size tunability is shown in the synthesis, with TlBr particles exhibiting a 
smaller average particle size at higher temperature, while Tl2AgBr3 nanocrystals exhibit a 
broader size distribution at longer reaction times. Optical properties are characterized for 
both nanocrystals, and dolomite-type Tl2AgBr3 is shown for the first time to have an 
indirect band gap of 3.0 eV. Finally, assembly is characterized in these particles. While 
scanning electron microscopy (SEM) shows both nanocrystals form face centered cubic 
(FCC) superlattices, the extent of superlattice formation is hindered by particle aggregation 
during the drying of concentrated solutions of nanocrystals. To our knowledge, this is the 
first report of Tl2AgBr3 nanocrystal synthesis.  
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6.2 EXPERIMENTAL DETAILS 
6.2.1 Materials 
Thallium (III) acetate ((CH3COO)3Tl, >90%, Sigma-Aldrich), silver (I) acetate 
(CH3COOAg, 99.99% metals basis, Sigma-Aldrich), bromotrimethylsilane ((CH3)3SiBr, 
purum >97%, Sigma-Aldrich), oleylamine (CH3(CH2)7CH=CH(CH2)7CH2NH2, technical 
grade 70%, Sigma-Aldrich), oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, Sigma, 90%), 
1-octadecene (CH3(CH2)15CH=CH2, Sigma, 90%), toluene (C7H8, Fisher, >99.5%), methyl 
acetate (CH3COOCH3, anhydrous 99.5%, Sigma-Aldrich), and potassium bromide (KBr, 
Sigma-Aldrich) were used as received without further purification. Silicon wafers 
(University Wafer, 8-10 Ωcm, (100) surface) and glass slides (Cardinal) were cut into 
substrates of various sizes without modification. 
6.2.2 Fabrication and Processing 
SAFETY WARNING: Thallium salts are very toxic, and extreme care should be taken at 
all times when dealing with them. Thallium toxicity is associated with gastrointestinal 
distress, swelling, and nerve damage, which usually begins to manifest in the form of 
numbness in appendages.16 These symptoms are pernicious on account of their delayed 
effects which often occur 24-48 h after exposure and mild preliminary symptoms which 
are often misattributed to other illnesses or conditions. Additionally, chronic thallium 
overexposure can result in hair loss on the time frame of weeks to months.16 Seek medical 
attention if you experience any of these symptoms.  
We have designed special safety procedures to deal with these acute health 
concerns. All work involving thallium powders is done in a glove box when possible. If it 
is impossible to work with thallium powders in the glove box, a particulate mask is worn 
in addition to standard PPE. In either case, foil is laid out underneath the work space to 
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catch all stray or spilled powder. All vessels containing thallium solutions are either 
disposed or thoroughly washed immediately after use. Care is used when washing with 
coordinating solvents that have moderate skin permeability, and gloves are exchanged after 
every washing step. Never expose thallium salts to DMF or DMSO, as such molecules 
are highly coordinating with transition metals such as thallium and are highly skin-
permeable.10 Aqua regia is used on reaction vessels frequently to prevent buildup of 
insoluble thallium.  
6.2.2.1 TlBr Nanocrystal Synthesis 
In a typical TlBr nanocrystal synthesis, 0.5 mmol thallium (III) acetate (190 mg) 
was loaded in a 50 mL three-neck flask in a glove box. The three-neck flask was then sealed 
and transferred to a Schlenk line without exposing the thallium (III) acetate to air. Then, 
the thallium (III) acetate was mixed with 9 mmol of oleylamine (3 mL), 9 mmol of oleic 
acid (2.8 mL), and 10 mL of octadecene. This mixture was stirred and degassed at 110 oC 
for 1 h, resulting in a pale-yellow translucent solution of dissolved thallium (III) acetate. 
The mixture was then cooled to the desired reaction temperature, and 2.7 mmol (350 μL) 
of bromotrimethylsilane was transferred from the glove box and swiftly injected into the 
solution. The reaction was kept at the desired reaction temperature for 5 min, after which, 
it was rapidly cooled using an ice bath. As the reaction mixture cooled to ~60 oC, 10 mL 
of toluene was rapidly injected to prevent particle aggregation.  
This mixture was transferred to a centrifuge tube and centrifuged at 20,500 rcf for 
5 min. The precipitate, which consists of a mixture of nanoparticles that are too poorly 
capped to disperse well in nonpolar solvents and large aggregates, was discarded, and 
methyl acetate was added to the supernatant in a 1:1 volume ratio. The solution was again 
centrifuged at 20,500 rcf for 5 min, and the supernatant from this second centrifuge step 
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was discarded. The precipitate was suspended in 10 mL of toluene, and then 10 mL of 
methyl acetate was added to the slightly hazy suspension to form an opaque white solution. 
This solution was again centrifuged at 20,500 rcf for 5 min and the supernatant was 
discarded. The toluene-methyl acetate washing step was repeated two more times. After 
the final washing step, the nanocrystals were suspended in toluene, yielding a slightly hazy 
colorless solution which was stored in a dark refrigerator in air. Particles were colloidally 
stable for ~4 days in the refrigerator and ~36 h at room temperature, after which, 
suspensions would become opaque with a milky consistency. Reactions yielded 40 mg of 
TlBr nanocrystals in 10 mL of toluene (25% yield). 
6.2.2.2 Tl2AgBr3 Nanocrystal Synthesis 
Tl2AgBr3 nanocrystals were synthesized in a process similar to that of TlBr 
nanocrystals. In a typical synthesis, 1 mmol thallium (III) acetate (380 mg) and 0.5 mmol 
silver (I) acetate (85 mg) were loaded into a 50 mL three-arm flask in the glove box, after 
which the flask was sealed and transferred to the Schlenk line. The flask was then loaded 
with 9 mmol oleic acid (2.8 mL), 9 mmol oleylamine (3 mL), and 15 mL of octadecene 
and degassed at 110 oC for 1 hr, yielding a burnt orange translucent solution. The reaction 
was then cooled to the desired reaction temperature and 2.7 mmol of TMSBr (350 μL) was 
rapidly injected into the mixture. Within ~5 s of injection, the reaction was quickly cooled 
by submerging the three-neck flask in an ice bath. As the solution was cooled to ~60 oC, 
15 mL of toluene was injected to prevent aggregation. 
Particles were washed in a process identical to that used for TlBr synthesis with the 
exception of the last two washes, where only ~6-8 mL of methyl acetate was added to the 
10 mL toluene suspension to minimize particle aggregation. Resulting suspensions were 
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hazy pale yellow and had ~2 days of colloidal stability in a refrigerator. Reactions yielded 
100 mg of nanocrystals in 10 mL of toluene (20% yield).  
6.2.3 Materials Characterization 
Low-resolution Transmission Electron Microscopy (TEM) was performed on a FEI 
Tecnai Spirit Bio Twin TEM at an accelerating voltage of 80 kV. High-resolution imaging, 
electron diffraction patterns, and Energy-Dispersive X-Ray Spectroscopy (EDS) maps 
were acquired on a JEOL 2010F TEM at an accelerating voltage of 200 kV. Images and 
diffraction patterns were analyzed using the Gatan Digital Micrograph software (v. 
3.30.2016.0). Lattice spacing was determined from fast Fourier transforms (FFT) of high-
resolution images. 
X-Ray Diffraction (XRD) was performed on a Rigaku R-Axis Spider X-Ray 
Diffractometer with an image plate detector and Cu Kα radiation (λ=1.54 Å, 40 mA, 40 
mV). Samples were probed by drying nanocrystal suspensions on glass slides at room 
temperature and then mounting scraped powder on a Hampton Research Mounted 
CryoLoop. Special care was taken to mount nanocrystalline powder without creating toxic 
thallium dust. Data was taken for 10 min with cryoloops rotating at 5o/min.  
Solution UV–Vis-NIR absorbance and absorptance spectroscopy was performed 
using a Varian Cary 50 Bio UV-Vis spectrophotometer. Kubelka-Munk data were collected 
using an Aligent Cary 5000 UV–Vis-NIR spectrophotometer with a PbS near infrared 
(NIR) detector and a photomultiplier tube mounted in an attached Aligent Diffuse 
Reflectance Accessory DRA-2500 (DRA). Powder samples were directly taped onto a 
black cover of a Labsphere URS-99-020 reflectance standard in the reflectance port using 
black double-sided carbon tape. The direct reflection beam was directed at ∼8° relative to 
the angle of incident light into a light trap that came standard with the DRA-2500.17 KBr 
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powder was used as a non-absorbing reference material. Absorbance coefficient k/s was 





where R∞ is the diffuse reflectance, and k/s is the ratio of absorbance to scattering 
coefficient.18 
Scanning electron microscopy (SEM) images were acquired with a Hitachi S-5500 
SEM/STEM using an accelerating voltage of 15 kV and an emission current of ∼10 μA in 
SEM mode. Samples were drop cast onto cut pieces of a p-type Si wafer with a resistivity 
of 10 Ω cm for imaging. The substrate was electrically grounded to the SEM mount with 
carbon tape prior to imaging. EDS spectra were taken in vacuum using a Bruker XFlash 
5010 attachment to a FEI Quanta 650 ESEM operating at 30 kV at 10,000x magnification 
Grazing-incidence small- and wide-angle X-Ray scattering (GISAXS and 
GIWAXS) and solution small-angle X-Ray scattering (solution SAXS) was carried out in 
vacuum on a SAXSLAB Ganesha SAXS-WAXS system with Cu Kα radiation (λ=1.54 Å). 
GIXS measurements were taken with a 0.2o incident beam angle. Scattered X-Rays were 
collected on a Pilatus3 R 300k image plate detector 487x619 pixels in size, with each pixel 
having an area of 0.172x0.172 mm2. GIXS patterns were taken for 30 minutes, and solution 
SAXS patterns were taken for 1 hr. GISAXS and SAXS experiments employed a sample-
to-detector distance of 1084 mm and GIWAXS was taken with a sample-to-detector 
distance of 134 mm. Ewald sphere correction and linear  integration were processed 
with Fit2D software (version: 12_077_i686_WXP). Solution SAXS data were fit using 
previously reported fit equations.19 
X-ray Photoelectron Spectroscopy was performed with a Kratos Axis Ultra DLD 
photoelectron spectrophotometer. Samples were prepared by drop casting nanocrystal 
dispersions in toluene onto conductive silicon substrates. Spectra where acquired with a 
monochromatic AlKα X-ray source (hν = 1486.5 eV) and an automated charge neutralizer. 
2
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The spectra were processed using CasaXPS analysis software. The XPS peaks were fit to 
a Gaussian-Lorentzian distribution and a Shirley background. Composition estimates were 
calculated by dividing the peak area by the corresponding Kratos sensitivity factor from 
the Kratos library. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Synthesis of TlBr Nanocrystals 
Nanocrystals of TlBr were synthesized by mixing thallium (III) acetate with oleic 
acid and oleylamine in an octadecene solvent. This mixture is degassed at 110 oC for ~1 h 
to allow for full dissolution of the precursors, and cooled to 70 oC for the reaction. Rapid 
injection of trimethylsilylbromide (TMSBr), a common bromine source for HaP 
nanocrystals,20 induces a rapid reaction via the proposed mechanism of Cruetz et. al.20 in 
Eqn 6.1 
 M+RCOOH-+(CH3)3SiBr→MBr+RCOO-Si(CH3)3 (6.1) 
where M stands for any transition metal (in this case, Tl3+). The exposure of trimethylsilyl 
halide to a solution of metal acetates will result in a rapid exchange of the halide and acetate 
moieties, resulting in the precipitation of metal halide or HaP nanocrystals. This is 
demonstrated again in this reaction, with thallium (III) acetate yielding uniform TlBr 
nanocrystals upon exposure to TMSBr. Unique to this reaction, the transition metal Tl 
undergoes a reduction from 3+ to 1+ either during the reaction or prior to injection, likely 
undergoing redox coupling with the oleylamine ligand. TEM images of the nanocrystal 
product, seen in Figure 6.1A-B, show that particles are relatively uniform with a size 
distribution of 13 + 3 nm. HRTEM of a single particle shown in Figure 6.1C and XRD of 
a nanoparticle ensemble in Figure 6.1D confirm these particles are crystalline CsCl-type 
TlBr (PDF #01-071-4695). The HRTEM in Figure 6.1C shows (110) lattice fringes with a 
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d-spacing of 2.9 Å. Fitting solution SAXS data in Figure 6.1E confirms single particle 
counting results, showing particles have a size distribution of 10.4 + 1 nm.19 Additionally, 
XPS and EDS data presented in Table 6.1 demonstrate samples are stochiometric, having 
a Tl:Br ratio close to the expected value of 1.   
In the case of TlBr nanocrystals, mean particle diameter is not strongly impacted 
by reaction time, in contrast with other HaP hot injection syntheses.20,21 However, from 
TEM images of particles in Figure 6.2, it is apparent that nanocrystal size uniformity is 
optimized at a reaction time of 5 min. Using the conventional HaP NC synthesis process, 
which involves quenching in ice water immediately following hot injection (i.e. a 0 min 
reaction), nanocrystals with relatively random sizes between 3-28 nm are observed. At 
reaction times longer than 5 min, large particles begin to form, leading to a broader size 




Figure 6.1 (A-B) TEM images of TlBr nanocrystals, showing particles have a uniform 
spheroid shape and size distribution of 13 + 3 nm. (C) HRTEM image of a 
TlBr particle, showing (110) lattice fringes with a d-spacing of 0.29 nm. (D) 
XRD pattern of the nanocrystal product, showing the particles are crystalline 
CsCl-type cubic TlBr (PDF #01-071-4695) with no large phase impurities. A 
small peak at ~16o 2θ may be due to organic contamination. (E) Porod plot 
calculated from solution small-angle X-Ray scattering (SAXS) of TlBr 
nanocrystals in toluene. A fit of the data19 shows dispersed particles exhibit a 
uniform size distribution of 10.4 + 1 nm. The fit diverges at high q-values, 
indicating the distribution of particle sizes may not be perfectly Gaussian in 
the limit of small particle size.  
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Figure 6.2.  TEM images and size distributions from particle counting for a TlBr 
nanocrystal reaction at 70 oC held for (A,B) 0 min, (C,D) 5 min, and (E,F) 30 
min. Histograms of counted particles are in the inset of (B), (D), and (F). 
 Changing reaction temperature exhibited limited size control on TlBr nanocrystals, 
seen in Figure 6.3. Reactions held for 5 min at 30 oC before quenching in ice water exhibit 
a similar size distribution to reactions held at 70 oC, with a slightly larger standard 
deviation. However, nanocrystals synthesized at 110 oC exhibited nonspherical shapes and 
a much smaller average size, with a size distribution of 5 + 2 nm. This reaction at higher 
temperature also produced several large aggregated particles that were not easily separated 
from the smaller particles.  
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Figure 6.3  TEM images and size distributions from particle counting for a TlBr reaction 
held for 5 min at (A,B) 30 oC, (C,D) 70 oC, and (E,F) 110 oC. Histograms of 
counted particles are in the inset of (B), (D), and (F). 
Table 6.1  Elemental analyses of TlBr and Tl2AgBr3 nanocrystals from XPS and EDS 
 
6.3.2 Synthesis of Tl2AgBr3 Nanocrystals 
Tl2AgBr3 nanocrystals were synthesized in a similar method to the described TlBr 
synthesis using a 2:1 molar ratio of thallium (III) acetate to silver (I) acetate. Upon TMSBr 
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injection, silver (I) and thallium (III) acetate precipitate to form uniform dolomite Tl2AgBr3 
nanocrystals via the mechanism in Eqn 6.1.  
 
 
Figure 6.4 (A-B) TEM images of Tl2AgBr3 nanocrystals, showing particles have a 
uniform spheroid shape and size distribution of 15 + 3 nm. (C) HRTEM image 
of a Tl2AgBr3 particle, showing (300) lattice fringes and a d-spacing of 0.28 
nm. (D) XRD pattern of the nanocrystals, showing the particles are crystalline 
dolomite-type trigonal structure (PDF #00-017-0631) with no large phase 
impurities. (E) Porod plot calculated from solution small-angle X-Ray 
scattering (SAXS) of a solution of Tl2AgBr3 nanocrystals in toluene. A fit of 
the data19 shows dispersed particles exhibit a uniform size distribution of 14 
+ 2 nm.  
Nanocrystal characterization is seen in Figure 6.4. Tl2AgBr3 nanoparticles formed 
via this method are relatively uniform, as seen by TEM in Figures 6.4A-B, with a size 
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distribution of 15 + 3 nm as measured by particle counting. Solution SAXS seen in Figure 
6.4E shows a similar distribution of 14 + 2 nm. XRD patterns of nanocrystal samples in 
Figure 6D correspond to the trigonal phase of the material previously observed in literature 
(PDF #00-017-0631),22,23 and this assignment is confirmed via HRTEM, where (300) 
planes with a d-spacing of 2.8 Å are observed. Elemental analysis in Table 6.1 shows that 
samples are slightly rich in silver compared to expected stoichiometry; this may explain 
the presence of small secondary particles decorating the surface of the uniform particles in 
TEM images, which may consist of amorphous silver. Further work is underway to confirm 
the identity of these smaller particles. 
 
Figure 6.5 TEM images and size distributions from particle counting for a Tl2AgBr3 
reaction held for 0 min at (A,B) 30 oC, (C,D) 70 oC, and (E,F) 110 oC. 
Reactions above 110 oC introduced a TlBr phase impurity to the nanocrystal 
product. Histograms of counted particles are in the inset of (B), (D), and (F). 
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Unlike in TlBr synthesis, Tl2AgBr3 nanocrystal size distribution does not vary 
much with reaction temperature. Figure 6.5 shows that nanocrystal size and shape is 
consistent in reactions carried out between 30-110 oC. At reaction temperatures greater 
than 140 oC, TlBr crystal impurities begin to appear in the XRD pattern of the reaction 
product. However, reaction time plays a crucial role in the uniformity of the nanocrystal 
product, seen in Figure 6.6. Nanocrystals characterized in Figure 6.4 were produced by 
quenching the reaction vessel in ice water immediately after TMSBr injection at 70 oC. 
Reactions carried at 110 oC that were quenched immediately after injection also show size 
uniformity, seen in Figures 6.5 E-F and 6.6 A-B. However, reactions carried out for 5 min 
at 110 oC, seen in Figure 6.6C-D, yield large aggregates in addition to more uniform 
nanocrystals. These particles tend to phase segregate when dried on a substrate or TEM 
grid, yet are difficult to separate from the rest of the product in solution. Yield at 5 min 
reaction time was 50%, higher than the 20% yield of a reaction that was immediately 
quenched in ice. Interestingly, reactions held for 30 min produced no nanocrystals, likely 
due to further aggregation. 
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Figure 6.6 TEM images and size distributions from particle counting for a Tl2AgBr3 
nanocrystal reaction at 110 oC held for (A,B) 0 min and (C,D) 5 min. 
Reactions held for 30 min did not yield dispersible nanocrystals. Histograms 
of counted particles are in the inset of (B) and (D). 
In each of these reactions, the oxidation state of thallium is reduced from the 3+ 
state to the 1+ state. This makes sense in the case of TlBr, as anhydrous crystalline TlBr3 
has not been reported in literature due to its spontaneous decomposition via Eqn 6.2.24-26 
 TlBr3(s)→TlBr(s)+Br2(l) (6.2) 
However, tertiary and quaternary thallium (III) bromide crystals have been shown to be 
stable and not undergo this redox pathway,2,26,27 and thallium (III) bromide can be 
complexed in solution without spontaneous thallium reduction.28,29 Therefore, there is 
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likely something within the reaction itself that is causing the reduction of thallium. This 
challenge needs to be addressed for synthetic development of thallium (III) halide 
nanomaterials.  
6.3.3 Optical characterization 
 Optical properties of TlBr and Tl2AgBr3 nanocrystals are characterized in Figure 
6.7. Figure 6.7A shows that TlBr nanocrystals synthesized at 70 oC exhibit a first exciton 
peak at 3.1 eV, consistent with the bulk band gap of TlBr.30,31 Figures 6.7B-C show Tauc 
plots of the Kubelka-Munk function of dried Tl2AgBr3 nanocrystal powder.
18 Kubelka-
Munk analysis was used instead of solution absorbance due to the moderate degree of 
optical haze present in dispersions of Tl2AgBr3 nanocrystals in nonpolar solvents, which 
complicates band edge determination. From fitting of the Kubelka-Munk data to a Tauc 
function, Tl2AgBr3 is seen to have an indirect band gap of 3.0 eV. While this material is 
unsuitable for PV applications, its high indirect band gap may find use in radiation 
detectors with long carrier lifetimes or for RF transmitters. We could not conclude 
definitively if TlBr or Tl2AgBr3 nanocrystal samples emit light, as oleylamine and oleic 
acid emit strongly in the same spectral range as the expected luminescence of these 




Figure 6.7 (A) Solution absorbance of TlBr nanocrystals synthesized at 70 oC for 5 min, 
exhibiting a weak exciton signal around 3.1 eV, consistent with reports of the 
band gap of bulk TlBr.29,30 (B) Tauc analysis taken from the Kubelka-Munk 
curve of dried Tl2AgBr3 nanocrystals, showing nanocrystals exhibit an 
indirect band gap of 3.0 eV.  





 Finally, preliminary characterization of the assembly of these uniform nanocrystals 
into nanocrystal superlattices is observed in Figure 6.8. SEM images of TlBr and Tl2AgBr3 
nanocrystals in Figures 6.8A and 6.8B respectively show both nanocrystals form FCC 
assemblies when drop cast from toluene onto silicon substrates. However, the uniform size 
distribution observed in TEM images and by solution SAXS is lost, as large aggregates are 
seen in SEM images. Furthermore, these aggregates seem to increase in number when 
depositing more concentrated solutions of both TlBr and Tl2AgBr3 nanocrystals. This may 
be a result of particle aggregation when nanocrystals are dried from concentrated 
dispersions, limiting the extent of superlattice formation in both TlBr and Tl2AgBr3 
nanocrystal films. The observation that TlBr and Tl2AgBr3 suspensions turn milky white 
within ~4 days of storage at 5 oC and within ~36 h at 20 oC demonstrates these nanocrystals 
are very susceptible to aggregation.  
Nonetheless, TlBr nanocrystals still form extended superlattice networks which can 
be characterized in GISAXS/GIWAXS, seen in Figure 6.8C-D. GISAXS patterns show 
TlBr nanocrystals order into FCC superlattices with (111) orientation. GIWAXS patterns 
show rings corresponding to diffraction from TlBr, confirming XRD patterns in Figure 
6.1D. An unidentified contaminant peak, which is also seen very subtly in Figure 6.1D, 
appears in the GIWAXS pattern in Figure 6.8D as well. This peak is difficult to identify, 
as it is low in intensity and the only peak in the XRD spectra that does not correspond to 
TlBr, but may be either the only noticeable peak of a contaminant TlI-type orthorhombic 
phase15 or some other contaminant we cannot identify presently. Interestingly, TlBr crystal 
lattices do not seem to be as well-aligned in the superlattices as in other superlattice 
systems.18,33 This may be in part due to aggregated particles outside of the superlattice 
structure having randomly oriented crystal domains or to the spherical nature of the 
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nanocrystals allowing for a variety of different crystal orientations while maintaining the 
superlattice structure. Tl2AgBr3 nanocrystals do not form extended superlattices which can 
be consistently detected in GISAXS. 
 
Figure 6.8  SEM images of (A) TlBr and (B) Tl2AgBr3 nanocrystal superlattices. Both 
nanocrystal systems exhibit some degree of ordering on substrates, but the 
extent of superlattice formation is inhibited by aggregates that form during 
drying. (C) GISAXS and (D) GIWAXS images of TlBr nanocrystal 
superlattices, showing that TlBr nanocrystals form an FCC superlattice with 
(111) orientation on the substrate. Tl2AgBr3 nanocrystals did not order with 
long enough range to consistently produce GISAXS patterns.  
6.4 CONCLUSION 
In conclusion, uniform TlBr and Tl2AgBr3 nanocrystals are synthesized via 
injection of TMSBr into a solution of thallium (III) acetate or thallium (III) acetate with 
silver (I) acetate, respectively. Limited size control of these particles is observed via 
manipulation of reaction temperature for TlBr and reaction time for Tl2AgBr3. Optical 
properties of the nanocrystals are characterized, and Tl2AgBr3 is reported to have an 
indirect band gap of 3.0 eV. Finally, we demonstrate assembly of TlBr nanocrystals into 
simple FCC superlattices on silicon substrates.  
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Chapter 7: Conclusions and Future Direction 
7.1 CONCLUSIONS 
Hybird organic-inorganic perovskites (HOIPs) have tremendous potential to make 
a significant impact in the greentech industry. Perovskites for PV have been studied for 
only a decade, and already their reach is tremendous. While issues with HOIPs still exist, 
the field is rapidly working towards effective solutions. I am confident that with another 
decade, perovskites will be a ubiquitous technology in the optoelectronic and 
semiconductor industries. 
7.1.1 Humidity Interactions with Water Vapor-Book 1 
In chapter 2, bismuth was studied as a new HOIP additive to improve humidity 
stability at high humidity levels. However, bismuth incorporation decreased humidity 
stability at more moderate humidity levels in the first example of an additive having both 
a stabilizing and destabilizing effect on the humidity stability of a HOIP. By measuring 
degradation rates using UV-Vis-NIR absorbance spectroscopy and the Avrami model,1 it 
was determined that degradation at low and high humidity was proceeding by different 
reaction paths, confirming the mechanism reported previously in literature.2 These results 
demonstrated that additives do not impact humidity stability uniformly across all humidity 
conditions and provided a framework for designing accelerated aging tests moving 
forward.  
In chapter 3, the humidity instability of HOIPs and related metal halides was 
applied for smart window applications, using thin films of nickel iodide as a model system. 
A deliquescent chromic transition that could be reversibly cycled between dark and clear 
states with uniform transmission modulation over the entire visible spectrum was observed. 
This transition demonstrated reversibility around a mild transition temperature (~30 oC) 
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and was shown to be stable over many cycles. Characterization showed this was a 
humidity-induced transition, with water being taken up in nickel iodide films in a ~10:1 
water:nickel iodide molar ratio during the dark-to-clear transition. Finally, this transition 
was shown to be somewhat arrested when employing a temperature ramp rate greater than 
1 oC/min, and thickness-limited, with films >1 μm thick exhibiting no optical modulation. 
7.1.2 CdTe-HOIP Tandem Cells-Book 2 
Chapter 4 explored the feasibility of CdTe-HOIP tandem cells. Potential tandem 
architectures were vetted, and a four-terminal CdTe-HOIP tandem design utilizing wide 
band gap HOIP methylammonium lead bromide (MAPBr) was determined to be the most 
optimal tandem architecture given the current state of the technology. Additionally, a need 
for low band gap HOIP materials for ideal tandem pairing with CdTe was identified. Initial 
semitransparent MAPBr PVs were constructed, and a large degree of optical loss in the 
HOIP layer was identified and characterized as optical haze localized on surface 
morphology features (i.e. “wrinkles”) via DIC microscopy. Finally, SCAPS simulations 
determined the degree of optical loss or haze in the top layer that would be tolerable in 
practical tandem devices with CdTe, MAPI, a-Si, and CIGS bottom cells.3 
In chapter 5, the addition of Ag+ to thin films of MAPBr was shown to induce 
uniform crystal ordering in the (100) direction of MAPBr thin films. Depth profiling of the 
elemental composition of the thin film revealed that Ag+ likely induces this ordering via 
preferential surface attachment at interfaces, which lowers the surface energy of (100) 
surfaces relative to other surface facets. However, increased silver content is shown to 
significantly reduce PCE in PV devices due to phase segregation of Ag-rich domains and 
had little to no effect on photoluminescence properties. 
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Chapter 6 detailed a new synthetic method to fabricate TlBr nanocrystals and 
demonstrated a synthetic path to Tl2AgBr3 nanoparticles, the first Tl2AgBr3 nanocrystal 
synthesis reported thus far in literature. Monodisperse TlBr and Tl2AgBr3 nanocrystals 
were synthesized via injection of a bromide precursor into a solution of thallium (III) 
acetate (and silver (I) acetate for Tl2AgBr3). Size control was demonstrated for the TlBr 
nanocrystal synthesis, with smaller nanoparticles forming at higher reaction temperatures. 
TlBr nanoparticles with high monodispersity also were shown to self-assemble into 
extended FCC superlattices. Interestingly, this superlattice formation did not occur in 
Tl2AgBr3 nanocrystals, as concentrated suspensions of nanoparticles aggregated during 
drying. Finally, the optical properties of Tl2AgBr3 were characterized for the first time, and 
it was determined that Tl2AgBr3 had an indirect band gap of ~3.0 eV. 
7.2 FUTURE DIRECTIONS 
The field of hybrid organic-inorganic perovskites moves with such pace and vigor 
that this section will likely be laughably outdated by the time the hold on this thesis expires. 
Nonetheless, there are follow-ups to the work here presented that would be of interest to 
the general community and could help make the progress presented here relevant to a 
broader audience. 
7.2.1 Development of accelerated aging protocols 
Chapter 2 detailed how changes in composition of HOIP thin films can have a 
different impact on stability behavior depending on the exact humidity level. Accelerating 
aging tests, on which the stability of PV modules is assessed, assume the opposite to be 
true, with many tests using elevated humidity levels as an environmental accelerant. For 
example, standard aging test IEC 612154 involves humidity ramping tests to 85% RH and 
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a damp heat test at 85% RH and 85 oC for 1000 h as a way of simulating how a solar 
module will behave for longer durations of time at more moderate humidity. However, 
from our most recent work, aging above ~70-80% RH may not be reflective of true PV 
stability, as the decomposition pathway above this threshold changes. Therefore, as the 
perovskite industry continues to grow and commercialize, there is a great need to develop 
accelerating aging tests that are appropriate for perovskite PVs and which reflect the real-
world stability of HOIP solar cells. 
7.2.2 Low band gap HOIPs 
Chapter 6 acts as a first step towards the development of low band gap halide 
perovskite Cs2AgTlBr6, which with a band gap of 0.95 eV is the lowest band gap HaP 
synthesized to date.5 Nanocrystal synthesis is important for the future implementation of 
this material system for two reasons: (1) to allow for facile thin film processing, and (2) to 
avoid complexes of thallium with skin-porous carrier molecules. This second step is very 
important for safety concerns, not just in industry, but in a lab scale as well. Traditional 
HOIPs, as seen in the experimental sections of Chapters 2-5, routinely rely on metal halide 
complexes with dimethylsulfoxide (DMSO) to solubilize the metal halides in 
dimethylformamide (DMF). However, DMSO is readily taken up through the skin, and can 
permeate (to some extent) most disposable gloves. DMSO can, in this way, carry heavy 
metals in small quantities through the skin via transport of DMSO complexes.6 When using 
thallium, one of the most toxic elements known to man, this is untenable. Perhaps in the 
future, vacuum processing technology could be used to deposit thin films of Cs2AgTlBr6, 
but for solution processed systems, the only safe, responsible way to process thin films of 
Cs2AgTlBr6 appears to be through nanoparticle formation and deposition.  
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Within this motif, results presented in Chapter 6 reveal an interesting problem: 
thallium (III) is reduced when it is exposed to the reaction mixture commonly used to make 
perovskite nanocrystals.7 Finding a way to fabricate nanoparticles without reduction of the 
Tl (III) to Tl (I) seems to be an important scientific challenge moving forward. Once this 
challenge is completed and Cs2AgTlBr6 nanoparticles are synthesized, other questions 
arise. Can we expand to new materials synthesis via halide exchange?8 Can we synthesize 
nanoparticles with different A-sites?9 What is the band gap tunability of these 
nanocrystals? Do they exhibit interesting photophysical properties the wider band gap 
perovskites do not have access to? Such interesting questions provide a wealth of further 
research direction. 
Furthermore, new materials discovery can be utilized to synthesize new materials 
with lower band gaps. Already, Cu-doped Cs2AgSbCl6 has been synthesized and shown to 
have an optical band gap of ~1.0 eV.10 Whether this reduced optical gap is truly due to 
electronic band-to-band transitions or merely the result of a shallow dopant state as in Bi-
doped MAPI11 is yet to be determined. However, additional doping to achieve low band 
gaps is worth consideration, given its success thus far. 
7.2.3 CdTe Tandem Cell Realization 
While initial work in Chapter 4 focused on the theoretical development of CdTe-
HOIP tandems, efficient CdTe-HOIP tandems have not yet been developed. Chapter 4 
provides a roadmap for development of 4-terminal tandems with a smooth, transparent 
MAPBr top cell. However, the more promising-and scientifically interesting- path forward 
is development of lower band gap HOIPs. As seen in Figure 4.1, the ideal HOIP for 
matching with CdTe in a tandem cell would have a band gap of ~0.85 eV. Development of 
lower band gap HOIPs as described in section 7.2.2 would allow for this ideal band gap 
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pairing, and may have greater potential for tandem cell applications. First, materials 
suitable for tandems must be realized. Then, safe and uniform thin film processing methods 
must be developed, and optimal electron- and hole-selective contact materials must be 
found and implemented for effective single junction PV architectures employing these low 
band gap HOIPs. Finally, replacing the opaque metallic top contact with a TCO would 
allow for HOIP-CdTe tandems with optimized band gaps.  
7.2.4 Multiexciton Generation in HOIP PVs 
These low band gap HOIP PVs, processed in nanocrystal form, may also lead to 
solar cells with efficient multiple exciton generation, which would allow standalone cells 
to break the Shockley-Queisser limit. As described in the introductory chapter, multiple 
exciton generation is the phenomenon by which one photon of incident light with energy 
equal to at least twice the band gap of the material is absorbed, creating an electron-hole 
pair. When this pair relaxes, it excites a second electron from the valence band across the 
band gap, generating two electrons from one incident photon.12 MEG is extremely 
inefficient in bulk semiconductors, but has been observed in a variety of quantum-confined 
nanocrystal systems.12 Current HOIP NCs may exhibit MEG; however, due to their wide 
band gaps, potential increases in solar cell current are insignificantly low. However, if 
lower band gap HOIPs were produced, MEG may significantly increase current generation 
in a device, allowing nanocrystal HOIP PVs to break the Shockley-Queisser limit in a 
substantial way. Work needs to be carried forward to first synthesize these particles, then 
characterize if MEG occurs in the standalone nanocrystals, and finally to see if the MEG 
is efficient enough to be realized in devices operating at real-world conditions.  
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